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1  Executive  summary 


Thi*  remarefc  n  concerned  with  developing  theory,  algorithm*,  and  applications  of  model-based,  doted 
loop  Dow  control  m  onim  to  enable  rotawt  and  agile  flight  of  mao  ax  rehick-  The  effort*  arc  centered 
around  tb*  application  to  mtepated  aloscd-loop  (low  and  flight  control  for  atahtli/atton  and  regulation  of 
aeparatod  flow*  occurring  on  unmanned  and  micro  «r  vehicle*  (UAVAtAY)  inotaacd  lift  aaaociatad  with 
MtrtoaUcd  flows  will  load  to  dramatic  approvements  ta  maneuverability,  gun  icnstancc,  and  a  wider  Right 


mealed  to  examine  pitch,  roll,  and  plunge  maneuver*  of  the  wmg  in  response  to  the  unsteady  ficcatrei 
The  atolity  to  dinar nuafly  cancel  kfl  fluctuation*  associated  with  gutting  fnKttrcam  flow 
in  detail  Tran  <i cot  force  mcnunawnti  in  response  to  pulse*  hit*  disturbance*  from  leading-edge  actuator* 
were  need  to  otana  linear  madala  of  the  separated  flow,  and  it  trot  dtown  that  the  traosicM  bft  reaponac  can 
hawed  as  a  Altai  kamal  to  predict  the  response  of  the  wing  to  more  complex  actuator  input  signal*,  Aaesw* 
of  cooootkr*  of  increasing  towplcutv  woe  leagued  to  repress  lift  fluctwoona  x>  gusting  oandiUotw 
The  moat  robust  controller  were  able  to  suppress  Uft  fluctuations  associated  with  a  broadband  spectre  of 
firectaieara  velocity,  uptoalinul  of  about  a  boor  of  abma  1 0  times  slower  than  die  kurinatc  vortex  shedding 
frequency  of  the  natural  separated  flow  Tba  bandwidth  ItmiutaotM  were  found  to  he  associated  w  ith,  for  this 
control  architecture,  (ha  timescale  associated  with  the  tunc  for  the  actuator-produced  leading-edge  vortex 
to  be  generated  and  swept  downstream  along  the  wing,  Cucumvenaog  this  limitation  to  future  will  require 
controllers  to  totaract  directly;  and  utiTurc  information  hum,  the  vortex  formation  pnx.ua.  a  topic  which  wa* 
wmtigated  directly  using  numerical  simulation*  and  modd -baaed  control.  at  discussed  below. 

A  suite  of  computational  fluid  dynamic*  (CFD)  reduced-order  modeling  (ROM),  and  cortfroi  denga 
tools  ware  also  developed  to  order  to  study  advanced  concepts  for  model-based  control  of  aerodynamic 
forces.  The  algorithm*  provide  tor  a  that  computational  environment  where  advanced  analytical  technique* 


with  general  applicability  to  feedback  control  m  external  flows  The  complex  ptivric*  associated  with  ana  IK 
Kale,  laghly  dvewahascnaaowal  wing  thapa  and  aeparatod  onateatK  flows  have  been  mapped,  atid  studied  m 
companion  experiment*  in  a  novel  oil-tunnel  facility  that  provide*  state-of-the-art,  real-time  and  holographic 
Row  rccormrucfieew  to  complement  and  validate  the  computarexul  modek 

htyorbemkihroughe  are  reported  in  the  mathematic*  and  algorithm*  for  reducing  complex  CFD  model* 
to  low  degree -of  freedom  systems  sudablc  for  application  m  practical  real-time  eontnOcn  la  the  flrad 
dynamic*  community,  (ha  predominant  technique  for  reduced -order  modeling  t*  frnper  Orthogonal  Decom¬ 
position  (POO),  to  which  one  gather*  dam  bom  simulations  or  experiment*,  and  extract*  an  orthogonal  act 
of  mode*  that  are  optimal  in  the  sense  that  they  capture  the  man  energy  to  Ibc  given  data  tec  In  practice, 
however,  POO  model*  land  to  he  fragile,  Tho  fragility  it  underwood  by  the  control  theory  community, 
and  alternative  technique*  with  a*  balanced  truncal  ton  and  optima)  llsnkd  Oorm  reduction  offer  more  ro¬ 
bust  performance  and  theoretical  bounds  on  error*  However,  these  technique*  have  previously  been  fer  too 
computationally  expensive  so  perform  eo  a  full  CFD  model  Thu  reports  on  development  of  approximate 
balanced  tnmeanoo,  called  balanced  POD.  that  i*  CDmpucMkmalty  tractable  for  targe  systems,  and  produce* 
model*  ahneat  identical  to  dime  from  exact  balanced  truncation.  The  technique  is  extended  to  imaiaMn  and 
periodic  fyatem*  in  order  to  use  diem  to  model  vortex  shedding  on  two  and  three-dimensional  wing*. 

A  luenechy  of  two  and  dtree-dtownaional  mode  problems  are  poted  and  solved  in  order  to  investigate 
reduced -order  modeling  and  theoretical  control  of  vortex  shedding  at  low  Reyootd*  number.  In  particular. 
BPOD  modek  are  wed  to  design  observer-based  control  that  a  able  to  completely  wtpprea*  vortex  shedding 


to  nonlinear,  two-dimensional  annotations  h  addition,  we  examine  die  poraibility  of  using  actuation  to 
produce  high  lift  tumi  cycle*,  where  the  synchronization  of  vortex  shedding  leads  to  pushing  the  vortices 
doner  to  the  suction  surface,  mulling  in  higher  lift.  These  lunii  cyrio  are  not  rota*  to  disturbance*,  how 
ever,  and  feedback  control  based  on  real-time  tracking  of  the  phase  of  the  lift  fluctuations,  is  tueccxaftijh' 
implemented  in  order  to  stabilize  these  high-Tifl  himi  cycle*.  In  addition  optima)  ooarrol  theory  is  used  to 
find  actuator  waveforms  that  maxomre  the  penod-ereraped  hft.  and  these  waveforma  we  then  used  together 
with  the  pha»c  lock  loop  feedback  control  to  achieve  optimal-lift  limit -cycle  behavior  Three-dimensional 
winuJatxms  were  performed  for  natural  and  actuated  flow  s  over  km  -aspect  ratio  flat  plates  with  rectangular, 
semi -c  uvular,  and  delta-  wag  plan  form*  al  a  variety  of  angle*  of  attack.  For  very  low  expect  ralm  plain,  the 
tip  vertices  here  a  stabilising  influence  on  the  vortex  shedding  Open-loop  actoaboa  rs  able  to  attenuate  and, 
la  some  case*,  completely  suppress  vortex  shedding.  Finally,  closed-loop  control  is  applied  m  the  thrce- 
tomcnwonal  MmulaUaW  using  an  extmnum -seeking  approach,  which  is  able  to  find  optimal  frequent**  of 
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2  Introduction 

In  Du*  section,  we  review  the  mat  literature  on  natural  and  actuated  flout  over  two-  and  three-dimensional 
flat  platen  and  airfoil*,  and  ef  fort  aimed  at  open-  and  <loaed-4aup  control  of  separation  lor  lift  anhsneemenL 
drag  reduction,  and  other  objeettvex.  We  include  m  the  dneuasion  some  of  our  outt  results  (bat  art  amplified 
ia  later  sections  ia  this  report. 


2-1  Separation  nod  vortex  tbeddiis 

1  force*  Mandated  with  a  flat  plat*  or  anibtl  at  an  angle  of  attack  to  an 
n  of  speed  V.  under  (he  action  of  cuotmuou*.  but  unsteady,  forcing  from  an 
actuator.  The  chord  length  k  c.  and,  unlcaa  otherwise  mentioned,  the  platform  is  noctanguhr  with  breadth 
24  and  an  aspect  ratio  AR  -  2A/c.  The  rotoart  Reynold*  number  «  Re  •  ^  fo*  discuss  the  nahaal 
(tmferead)  flow,  and,  m  the  next  tectum,  actuated  "forced)  flow*. 

At  the  angle  of  attack,  a.  u  Increased,  different  reports  of  separated  flow  appear  nr  a  function  of 
the  airfoil  shape  and  Reynolds  number  For  tamma  airfoil*,  onset  of  ccporattoo  would  typically  ocoe 
nem  the  trailing  edge,  and  ptogiitu  upstream  mom  increased.  For  flat  ptalcx  and  other  thin  airfoils, 
n  aed  a  separation  bubble  (with  typtcaDy  turbulent  n 


on  Am  taction  surface)  may  precede  (he  folty-atailcd  condition.  We  arv  concerned  here  with  completely 
separated  {Mailed)  flow  over  Am  entire  aactum  surface,  when  the  airfoil  behaves  at  a  bUdf  body  with  vertex 
shedding.  oscillatory  force*,  and  the  formation  of  a  Rinnan  vortex  street  in  the  wake.  The  frequency  of 
vertex  dreddiag.  at  leant  for  the  high  AR  cue.  follows  a  Scrouhal  testing  (Fage  A  Juhanaca  1977)  with 
St  -  fcMaafV  m  0.15  lo  02.  where  rtina  b  the  projected  arcs  in  the  dircctioa  of  (he  stream,  and  the 
Strouhai  number  is  nearly  cunttaes  at  high  Re 

A*  ts  dbcuasod  more  fully  m  acctum  51. 3.  for  a  smelly  2D  flat  plate,  the  onset  of  vortex  aheddmg 
occur*,  much  m  it  doc*  for  a  bluff  body,  as  a  I  lopf  bifurcation  at  ended  value  of  Re  or  a  Abuja  A  Rowley 
(20 1  (to)  found  c^j  *  23*  at  Re  -  100  and  Chen  et  al  (2010)  (bund  an  Rc^,  «<  80  at  *  fixed  a  *  30*. 
For  Re  >  R*ult.  the  same  vanatsan  in  shedding  frequency  with  Re  a  observed  as  that  on  a  areolar  cylinder 
(Rothko  1955V  Baaed  an  die  similarity  with  the  flow  over  a  circular  cylinder  (eg.  Barkley  A  Henderson 
1996),  It  could  be  expected  that  at  a  higher  Re  the  2D  wanes  shedding  would  undergo  a  further  biflacatwn 
to  3D  flow  (.even  for  an  intone  ptatek  but  them  uwuUliUe*  are  ootv  recently  beginning  to  be  studied 
(Rodhguer  A  ThctdUis  201 J)  For  low  aqwet  ratio,  3D  flat  plates  at  low  Rr.  vortex  thcdduig  still  occur*, 
but  dau  is  very  limited  Taira  A  Cohmtux  (20094)  investigated  low  AR  flat  plates  for  R«  •  300  and  500 
over  a  tango  of  a  and  for  rectangular,  elliptical,  sett*  -circular,  and  delta -shaped  pianfonm.  The  unact  of 
vortex  shedding  is  delayed  to  higher  Rr  and  a  as  the  aspect  ratio  a  decreased.  due  to  a  stahttahxg  influence 
of  the  tap  vortices  As  AR  is  Increased  beyond  about  3.  the  labial  bifurcation  to  vortex  shedding  ooincidcs 
with  the  value  for  stnctly  2D  flow  , 

As  in  bluff  bodies,  vortex  shedding  persist*  at  high  a  when  Re  b  increased  fWilkarm-Stubcr  A  Ghanb 
1990).  Nominally  2D  airfoil*,  and  in  particular,  the  symmetric  MAC  A  reriea.  have  been  studied  the  most. 
Huang  et  aL  (2001)  measured  the  frequency  of  vortex  dmdda*  at  the  wake  of  a  NACA  0012  mar  a  wide 
range  of  pout -Stall  value*  ofa  up  to  R«**  0(10*)  At  mfficurotly  large  R*.  the  thin  shear  layer  bounding  the 
separation  display*  a  fCctvm-Hetmbobx  instability  (with  U  about  an  order  of  magnitude  higher  than  vortex 
shedding),  and  utiunateiy  becomes  turbulent  (Brandei  A  Mur  Her  1988)  The  dommaot  shear  layer  instabil¬ 
ity  frequency  durw*  a  power  law  dependence  on  Reynold*  number,  / »  Re*,  runilar  to  circular  cylinder* 
Yaruscweh  «t  al  (2009).  l  ike  the  circular  cylinder.  separated  atrf  hJ  flow*  typically  *how  a  breed  hand  of 
md  the  nominal  shedding  value  in  the  wake,  potentially  due  to  the  interaction  of 


the  differing  timescale*  and  the  effect*  of  increasingly  ootnplkaud  and  turbulent  wakes  (Yaruscvyeh  et  al 
2009V  The  situation  it  more  complicated  at  values  of  a  near  the  onset  of  folly  separated  flow,  where  fur* 
a  in  Re  can  lead  to  icartaduncnt  of  the  separated  region  prior  to  the  trailing  edge.  Finally,  we 


note  that  for  flexible,  membrane  airfotli,  RopaUmkul  et  at.  (2009)  found  dun  the  natural  vertex  shedding  at 
ptmt-oall  mgte*  « 


23  Steady -state  actuated  flown 

Following  the  pioneering  work  of  Frandti  (1904V  classic  separation  control  technique*  (Lachmann  196!) 
such  a*  steady  biowmg  md  suction  attempts  to  enragxar  a  boundary  layer  thereby  delaying  or  preventing 
separation.  Lately,  unsteady  blowing,  rero- net -mats  actuator*  (synthetic  jets),  pmeocloctnc  flaps,  plasma 

r  performance  but  wuh  for  lower 
a  rOreenhlatt  A  Wiponxki  200(1*. 
Seifert  at  al  2004)  F«r  airfoils  and  flap*,  lift  and  lift-to-drag  ratio  can  he  whetantiaOy  increased,  but  tha 
underlying  mechanism*  associated  with  lift  enhancement  or  drag  reduction  are  stilt  debated.  The  dominant 
u)a.  diacutood  in  derail  by  Crecobbrt  A  Wygnandu  (2000uV  » that  cxuuu*  of  mtteal  structure*  « the 
separated  shear  layer  leads  to  cnhaocodentninmcat  and  the  attendant  suction  of  the  shear  layer  to  the  nearby 
surface,  eliminating  or  reducing  the  extent  of  the  separated  region,  md  loading  to  a  time -avenged  flow  field 
closer  to  the  ideal  potential  flow.  KntraamrtV  likely  plays  a  role  regaedless  of  whether  vxultcai  structure*  are 
generated  as  part  of  a  Kc1yu>4 Idroholct  instability  in  the  shear  layer,  or  via  a  global  uunabtluy  of  the  wake 
or  separation  bubble,  but,  a*  discussed  in  the  previous  section,  die  frequencies  at  which  these  uwabilnx* 
occur  are  distinct  Especially  for  low  froquencrea  md  high  angles  of  attack,  though,  lift  « 
also  been  explained  in  tent*  of  vortex  lift  («4p  Wu  et  aL  ( 1 991)),  faraugk  o 
dorax  to  the  turfocc  of  the  plate. 

For  a  spraaftad  periodic  actuator.  airfoil  geometry,  aod  aqgh  of  attack,  any  rwiidimsnnonal  performance 
metric  l)  ra  at  mast  be  a  fonctioa  of  the  Reynold*  number,  the  actuator  waveform  and  nonduncmuoriaf 

o  choice  i*  a  reduced 
a  coefficient  o  often  used.  e0  •  where  Vt  aod 

i,  ssid  A  is  the 

pUnfonn  area.  For  both  theae  quantities,  the  chord  length  is  sometimes  replaced  by  the  length  of  the  (natural, 
unforced)  reparation  bubble  when  the  flow  n  nor  tally  asperated.  Mean  and  fluctuating  values  of  c0  as  low 
as  about  10  4  can  be  affective  (CrecnhUtl  A  Wygnatuki  200floV 
GteenhUn  A  Wygnomfci  (2 

tad.  to  general,  it  n  difficult  to  to  compare  date  from  different  a 
tong  the  actuator  perfenossrec  m  terms  of  a  velocity  (or  mare  flux)  that  con  depend  on  the  ptumhmg  far 
the  actuator  and  whether  tha  performance  ts  mtamred  with  or  without  flow  Moot  studies  observe  a  lower 
threshold  aod  upper  retention  (amt  of  actuation  that  define  the  range  of  pso^attonal  control  that  can  be 
achieved  In  the  controls  community  this  is  known  a*  the  x/artoswy  aod  B  t«  an  important  step  in  dw  design 
of  a  control  system.  Reynold*  oumbes  effect*  (c.g.  Safari  a  al.  2004)  have  also  been  studied  Here  the 
most  prcxuog  issue  is  whether  some  reports  of  lift  enhancement  or  drag  reducuoo  could  be  explained  by 
the  mechanism  of  tripping  dre  boundary  layer  to  delay  or  prevcul  reparation,  k  is  dear,  however,  that  there 
remain*  an  effect  of  forcing  si  Re  lower  than  those  for  which  tripping  cm  lead  to  a  turbulent  boundary  layer, 
as  wdl »  at  high  Re  when  the  boundary  layer  was  tatbuksn  even  in  die  absence  of  tripping  (Seifert  et  d 


frequency  /'  •  {f  For  amplitude,  the  n 


»T*  to  Mb  pares*,  we  Amid  ah*  res-rea  ter  As  XI 


2004V 

The  effect  of  sexusuon  frequency  on  performance  hsa  also  been  widely  studied,  aod  gains  (lift  enhance 
mem.  drag  reduction,  and  other  goals)  hove  been  rexiiaod  across  a  wide  range  of  frequencies.  Hoe  we 


frequency  (rhaeQaaed  above) .  and  *3ugh  frequency*  to  refer  to  everything  significantly  above  it.  aod  a>  par¬ 
ticular  to  excitation  of  shear-layer  instabilities.  Ax  discussed  by  Rjyu  et  aL  (2008)  (hereafter  referred  to  a* 
RMC).  a  tfairU  distinct  timescale  exists  when  the  (mean)  flow  forma  a  doted  raeswiassi  bubble  an  the  air¬ 
foil  surface.  While  them  three  distinct  timescale*  shear  layer,  wake  {vortex  ahcddingV  and  (in  some  cases) 
separation  bubble-can  he  identified  by  examining  velocity  spectra  measured  al  different  locations  (RMC). 
the  tack  of  such  data  makes  g  difficult  to  make  definitive  statements  about  their  value*  m  past  experiment* 
For  example,  fora  turbulent  separatum,  Greeablau  A  Wygnamki  (2000*)  report  an  npranal  value  of/*  ■  I 
for  a  deflected  flap  (with  foe  (lap  length  m  the  length  reals),  where  "optimal  refer*  to  (hat  frequency  at 
which  a  minimal  actuation  amplitude  was  required  for  reattrehmanr  (in  the  mcattV  and  they  associate  this 
timescale  with  shear -laytr  msubuittcx.  Using  the  simple  scaling  for  the  vortex  shedding  tuncecalc  discussed 
io  the  las*  section.  £  «0.|5  *  where  ly  ia  fee  flap  deflection  angle,  *v  conchada  that  a  typical  vor- 


rex  shedding  frequency  would  have  /**  >  1  when  fly  >  8*1.000  a 
mat  abilities  may  equally  have  played  a  role.  Seifert  et  aL  (1 996a)  mod  oadHoory  biowmg  at  the  lead¬ 
ing  edge  of  a  NACA001 5  airfoil  at  Re  -  10*.  and  (bund  lift  enhancement  and  drag  reduction  over  range 
0</‘  <2,  wife  a  broad  maximum  around/4  -  0.73.  which.  tor  the  range  of  UT  <  a  <  22*  considered 
gives  03<St<  0.24. 

For  lower  Reynolds  ourohen.  Unsocial  (1994)  acoustically  forced  the  flow  ram  die  trading  edge  of  a 
frilly  separated  NACA  633-018  airfoil  and  observed  a  strong  enhancement  of  vortex  shedding,  and  the  mean 
lift,  but  ml?  when  cxntarion  was  dose  to  the  natural  vortex  shedding  frequency.  The  cnmputatioaal  study 
of  RMC  showed  that  for  a  NACA  441 8  at  Re  «  40,000  and  O  -  1 1*,  actuation  with  /*  >  6  wu  increasingly 
ineffective;  w  their  case.  f~  «  12  »« identified  as  tha  maximally  amphfled  frequency  a  the  xepmataig  drear 
km  Theae  result*  are  corroborated  by  the  experiments!  finding*  of  Cicrpka  et  at  (2008)  who  subjected  a 
NACA  001 S  (nr  *  20")  ami  an  inclaacd  flat  piste  (a  ■  IT*)  subjected  to  an  cdcctnenxgneOc  actuxxw  ooa 
die  leading  edge  For  the  plate,  with  0.5  <  f*  <  3.  the  flow- was  reattached  (the  till  enhancement  was  beat 
at/* -0.7<So-O24k  whereas/-  >  6  bd  hole  effect  on  the  sqiaretMn  For  th*«  inclined  flat  plate, 
they  employed  a  wavelet  algorithm  to  detect  large-scale  vorticc*  in  time-resolved  PIV  data,  which  revealed 

c  the  a 


adverting  down  the  plate  per  cycle  of  actuation,  in  (he  case  of  /*  »  1  (St  »  0.23k  and  to  rwe  coherent 
vorticc*  per  cycle  of  actuation  when  /“  »  0.5,  both  of  which  imply  vortex  shedding  al  St » (k23.  Astmilar 
oonfrguratton  (with  a  dielectric  homer  duchargc  actuator)  was  studied  bv  Onenbialt  el  al  (2008)  (flat  piste) 
and  Bewordm  at  (2008)  (NACA0015).  For  the  flat  piste  at  a  -  20". 0J  </*  <  0.6  provided  the  brat  lift 
enhancement,  where**/*  >  3  was  ineffective,  and  unolce  vemaiisaiian  at/4  « 0.4  showed  a  strong  vortex 
adverting  dowmtreren  along  (he  chord;  /*  »  1.5  wasopumai  for  a  NACA  0015  M  a  -  16* 

Recent  studies  have  also  documented  the  effect  of  the  wwvqfertw  on  performance.  It  appear*  that  periodic 
but  puborife  actuation  or  modulated  high  frequency  wnuaoidsl  oeciBation  can  produce  performance  equal 
or  greaser  10  sinusoidal  actuation  at  the  same  frequency  (Amiuy  A  Clearer  2002a.  Woo  at  al  2008.  Cierpks 
e*  al  2008,  Grccttblaa  c(  aL  2008.  Joe  A  Colontus  2010k  Indeed,  n  ^pcan  that  pubot  widi  m  low  a  duty 
cycle  a*  5%  can  be  offective,  (Croenblan  ct  al.  2008).  In  our  work  presented  below  (section  5.24k  we  have 
employed  an  adresatAascd  approach  ms  low  Reynoldt  number  DNS  in  find  the  actuator  signal  (a  body  force 
in  (his  case)  that  gave  the  highest  lift.  Indeed,  the  optimal  signal  was  a  nearly  periodic  pulsatile  farcing  at  a 
frequency  daw  to  du*  of  the  vortex 


AO  of  the  above  s 
shown  that  leading-edge  a 


have  focused  on  2D  | 

offer  similar  perfoc 


cur  research,  described  w  rectiort  5  has 
a  benefit*,  with  similar  values  of  momentum 


e  that  relatively  few  studies  have  reported  unsteady  flow  metric*  associated  with  flue 
cy.  As  pomacd  oat  by  Amitsy  A  Ckror  7Q02ek  enhance¬ 
ment  of  vortex  dwddtng  by  forcing  near  it*  natural  frequency  also  increase*  (he  fluctuating  lift  and  drag 
compared  to  the  Wrtinc  Aside  from  being  potentially  detrimental  in  applicssion.  rack  unsteady  effect*  roc 
essential  to  understand  if  do*od-toop  control  approaches  are  to  be  successful.  Thu  is  dtxcussodi  in  greater 


23  Lendiog-edgc  vortex 

When  a  flat  plate  at  high  angle  of  attack  is  impulsively  staled,  the  separata*  vonax  sheet  at  the  kmhng 
and  muling  edge*  roll  up  'into  a  coherent  leading  and  trailing  edge  vortices  (LEV/TEV).  The  TEV  (start-up 
vortex)  is  rapidly  died  into  the  wake,  while  fee  LEV  continue*  to  grow  for  about  a  chord  length  of  travel, 
where  the  lift  and  drag  reach  their  maximal  value*  (without  regard  to  die  additional  added  mass  force  during 
the  acceleration).  Once  the  LEV  begins  to  shed  the  lift  decrease*  to  a  minimum  that  occur*  after  4-5  chord- 
length*  of  travel,  which  appear*  to  be  only  weekly  dependent  00  the  Reynolds  number  or  acceleration  rare 
(Chen  «  at  2010),  Th»  umcscalc  is  cwndstent  wish  the  so-called  universal  tune-scale  of  wancx  formauon 
that  IS  observed  m  a  vanctv  of  flow*  (e  g  Dsbtrt  2009)  Rotational  force*  on  flapping  wing*,  en  the  other 
hand,  appear  to  prolong  (ctabtiuc)  the  LEV  structure  (Lent  ink  A  Didumon  2009).  For  a  trandating  wing, 
after  the  ndtai  LEV  is  shed,  alternating  TEV  and  LEV  of  dun m, dung  amplitude  are  shed  until  periodic  or 
quad-periodic  vortex  shedding  ts  retained.  The  "atm- lift  force  of  the  initial  LEV  has  bom  measured  to  be 
a*  much  a*  80%  above  the  steady-state  (time-averaged)  value  (Dickinson  A  Cod  1993b).  The  LEV.  and  da 
associated  BA  increment,  are  similar  to  the  dynamic  suQ  veatca  than  is  produced  and  lhcd  during  rapid  pitch 
up  to  high  angles  of  attack  (e.g  Carr  1988a). 


1 A  Transient  response  to  actuation 
Asd 

Relatively  few  experimental  and  computational  studies  have  addressed  this  txaue.  Amiuy  A  Gkmr  < Amitay 
A  Closer  2002a,  2006 1  examined  the  response  of  a  symmetric  NACA  airfoil  a(Ra«3xl0*aada* 
173*  to  a  bum  of  high-frequency  synthetic  jet  actuation.  The  response  of  (be  a 
ejcrtwiucnon  phases  of  the  actuator  (/*  -  10)  with  rapsdly  dimmahmg  aropl 
circulation  flux  in  the  wake  waa  considerable  despite  the  low  actual  tea  amplitude  e„  to  10  \  and  eoewixtod 
of  an  bubal  negative  contribution  to  the  ortulatioo.  fallowed  by  a  targe  poaitiw  vortex  befog  shed  into  the 
waka,  and  additional  oacOIations  of  dmunuhing  amplitude  The  total  duration  of  the  transient  raapooac 
wm  long  compared  to  (hr  actuaion.  lasting  several  hundred  actuation  cycle*,  or  about  10  convective  time 
units  (1*  rn  Of.  rn  10k  The  response  to  step  change*  to  actual  mo  has  also  been  studied  (Amitay  A  Gkacr 
2000a.  Danbi  A  Wygnorcki  2M*U)  and  Shows  atmilarly  long  sranaicM  times  when  toggling  betwoesi  tally 
separated  and  controlled  flow  states.  Similar  to  the  bunt  of  actuation,  the  forced  rcatudaneal  first  result*  m 
a  negative  vwrcea  followed  by  die  dteddma  of  targe,  positive  vortices.  Danbi  A  Wygnandu  (205*6)  studied 
flow  over  a  deflected  flap,  and  •how-ad  that  (ha  reaponae  scale*  well  with  coovectrve  tunc'  at  a  micnnum 
when  the  actuation  ampbrude  is  mfficieoth  targe  fas  auntrellcd  state  ts  readwd  after  about  /♦  «  20.  At 
lower  Reynolds  number,  (he  response  is  more  (Mediatory,  aid  scran*  to  coranu  of  corwccutive  shedding  of 


7 


r 


»  fane  the  flap.  Toggling  off  control  n 


impouM  kicfedm  4m  formation  ofaUrge(po*m*e)  rones  which  Dtnbi  A  Wygnamki  (200<6)  (ikon  to  At 
DSV 

Similar  experiment*  for  Re*  |0*  to  1 0*  hero  been  conducted  mi  the  wemcaraitar  airfoil  in  4m  IIT  wind 
mated  with  bnimg-edjM  ptfand-jet  cv  synthetic  )ct  actuators.  TVo*  «t  discussed  m  detail  »  section  3.  but 
ma  ooM  bene  4*  they  meal  strikmgjy  smoke  transmit*  lo  the  2D  «fe4*  and  flap*  jervepusty  cubed 


15  Biological  benchmark*  fee  MAV  perform 


c  »ud  coatrol 


«b  far  MAV  rod  UAV 

if  wed,  *gility,  am)  propultoro  eflkrcncrr,  and  wnaor-twd  control.  Theso  are  important  benchmark*  far 
MAV*  and  small  UAV*  «km  kuMnharvedhmos  cspsbrlrty  mm)  navigation  ta  urban  aonftned  space*  are  enti 
Mol  lo  oimtca  rapafetitora  Son*  tamp*  properties  of  No-flycra  stem  from  the  rok  of  a  stable  LEV  4mm 
allows  high  lift  at  e»t lesnriy  high  angles  of  attack  (AO A).  The  uabiluy  i*  partly  due  to  the  low  Reynold* 
number  (Re),  but  nor*  strung  iy  affected  by  thrro-dnneiiasoaalicy  due  to  the  low  aspect  rtuo  (wing  tpao  to 
chord  length,  AR)  typical  of  biological  wmp  Stud**  uwliart*  that  Stability  of  the  LEV  t*  (dated  to  the 
sfonwwe  treaafxrt  af  voruerty  through  mi  asral  flow  toward  thr  tip  vonax  (TV}  Euan  during  purely  traads- 
tkxul  mottoa  (**  oppuswi  to  (k|giuif).  ilruog  threa-duwmsionalire  leads  to  a  stabilizing  iteespUy  between 
|few«parationLfcVaodTYtetowRa(HRto  104)  (Birth  cl  al  2C&UV  Moreover.  lift  maxirTuranoo  (Wang 
A  R/wjC  2CQV)  and  rapid  nMUxamrmg  m  era  *ch<v*d  through  careful  rrochronttuum  of  rotlcx 

•bedding  aa  regulated  by  arysnawtry  and  timing  of  wmg-swultr*.  High-speed  video  of  insect  mancwven 
duruig  predator -flight  show  drastic  changes  at  (tight  direction  that  occur  oo  the  umm  tnncKnk  as  the  wtog 
stroke  (Fry  as  eL  7005\ 

M  pesaady  he  appbed  to  fared  w«f  arrets  ft,  except  «ni(l 
a  Chat  cannot  respond  (due  to  mechanical  bandwidih  constraints,  stress  limitations,  and  art* 
craft  menu)  to  the  fact  timescales  required  far  agibty  Fiaed  sng  designs  typscally  use  lugh  AR  to  obtain 
batter  etfidaney  (induced  drag  scale*  with  the  tnvene  of  AR),  higher  mitunumi  faghi  »prad,  ami  higher 
pyfead  capacity  Ikreoet  high  AR  severely  tima*  the  maximum  AOA.  mcrcMing  mmmura  cruiwnf 
•peed  and  Jccicaamg  agility  if  flow  control  can  he  used  to  broaden  the  envelops  (in  both  Aft  and  Re)  of 
Mgh-hft  ■cndytattKX.  then  decreared  stall  peed  and  anhenud  aplity  can  he  obtained  without  sacrificing 
eflkmnsy.  For  example  at  few  to  modest*  R*  (102  to  tC5)  the  lannawaa  lift  oaeffkrcte  for  a  sen  few 
AR  wing  (even  a  flat  plate)  can  afgiroecb  15  to  2  (flovh  ct  al  2004*.  Term  A  Mueller  2004*).  Ifthalift 
coeflkieiJt  were  available  lo  an  AR*2  wing.  stall  spend  codd  N  mfeced  90to50K 

Thaobyectrva  of  closed- loop  setuatson  neat  the  kadtagedge  aid  tip  is  tocnhlc  benefito  aaoasted  srith 
km  Alt  and  few  Re  atrodvoaaama  to  he  aotacxwd  noth  fowd  wutgs  at  feghar  AR  and  He.  fednsromnnk 
sre  porwe  (he  hypothinu  thttf  cfeacd-loop  cosiinsl  can  atabdun  the  LEV/TV  systom  (pscsanartg  or  ddaytng 
il  at  high  AOAL  and,  when  deursMc  far  mmcuvec.  synchroaire  vortex  xhoddipg  to  produce 
d  n»JL  yaw  .  and  pt&fcmg  momanta  lo  addtt»»  to  higher  performance,  flow  cowtrol  *en»«tors  may 
er  ocawrrssonai  oootrol  surfaces  redundant.  Note  that  to  wha<  fallow*  we  use  the  tenna  uabduaUon 
h  ID  denote  4m  differ  s#  goal*  of  umtnol  daring  both  ready  lift  pmcnMon  (cnaaei  and 
y  fans  gcMpufao  (tnanrasnerL  rather  than  m  any  «nct  mathematical  sense. 


14  Closing  the  loop 

While  apen-feep  t stoat wai 


or -ha  ad  feedback  The  first,  and  mere  ambit*  aw 


goal  m  to  aha*  the  dymioks  of  the  ffew  to  ways  macecMtfale  to  opca  loop  aduauoo.  For  example,  is  R 
poaatbfe  to  ciimtoaar  wrtex  ihaddingT  The  second  more  modest  goto  u  to  uaprovr  fbght  parfotnseeea 
to  uni  toady  flight,  especially  in  regimes  where  conventional  control  surfaces  may  not  be  effacin'*  Okwv 
wady  toe  Antonios  between  these  beoomm  binned  nr  the  tuacsoalo  of  imposed  snMrnhness  ^iprrsech  the 
tobtosic  fluid  dynamic  tenrscafes  asroaiatad  with  w 


4  a  mapwny  «f  port  son*  suaha  of  the 
potential  benefit*  of  feedback  have  been  theoretical  (eg.  Bcwfey  ct  el  2000.  Kbs  A  Bewky  2W7>  Aode 
from  4m  work  developed  a  pan  of  fare  MURJ,  eioeeddoop  flow  control  baa  Isas  demonstrated  m  the 
UhMory  for  oontrou,  ng  vertex  ihcddmg  on  Wuff  htxtie*  far  drag  irdacnoa  (c  $.  Pototor  ct  eL  2001.  faegd 
to  aL  2006).  combnstMi  instabilities  (egf,  Dowling  A  Morpro  2005).  and  cevky  oadlfenoa  (c.g  Husky 
A  Wituama  20Q6V 

fe  the  context  of  airfoils  and  MAV,  for  rotatsvdy  slow  changes  ta  operating  eondtoow.  on*  mayachnfaAr 
opentfeg  paramesers  to  »  way  that  i*  nor  Amdamctoally  Affarmt  from  opetofeop  acruation,  though  then 
remain  clwflenges  such  as  the  byrtaesi*  aaociatod  with  toggling  between  separated  and  attached  flow  (e.g. 
Darabi  A  Wygnouki  20OSaV  For  caampk.  Magdl  to  aL  (20QJJ  mad  pressure  fed  hack  to  a  dynamic  stall 
model  to  detect  immuww  tepaiautm  dortag  cyd«c  putoung  of  an  mrfod  and  apply  puked  wince  g 
jet*  only  ova*  a  purtioa  of  4m  pitch  cycle  and  achieve  aumiar  fill  tocreatni  a*  continual  a 
to  el.  (2007)  controlled  tnaipacni  separanon  with  a  proportional  far 
mode  obtained  tutng  POO  Bcnwd,  Bonnet.  Moreau.  Onffto  A  Cattafcda  (2010)  exploited  hystacst*  to  the 

end  then  fowenng  actieuor  voltage  when  tbs  flow  u  ahvady  attached 

A  nets  kval  of  cnmpLoOnn  *  to  opumjjoc  pofatsnance  aa  a  ftmcuon  of  inpui  pnramocr*.  Benaed, 
Mottwu,  Cmffto  A  Cattefatoa  (2010)  used  the  bm  snatxj  lift  to  aifiuafcd  the  sviu^a  to  a  ihekcuw  barrier 
discharge  actuate*  aw  a  MCA  001$  asfod  to  autonomously  ruattach  the  flow  to  Affenm  rpaeda.  and  far 
wep  changes  to  thr  operating  conditions.  Docker  et  aL  (2007)  uwpfcmcnacd  mukipfaHnpus  wuiupk  output 
extremum  seeking  eosujol  fsv  spanwise  dittrilwied  acruation  and  (pressure)  tensing  for  pulsed- jet  actuators 
on  a  flap,  and  were  abk  to  achieve  higher  lift  than  opaadoop  actuation,  w dwheg  fewer  angles  of  anatk 
whm  (he  flow  was  not  fully  separated  and  where  opendoop  cuntrtd  showed  bale  affect  Taira  at  aL  (20)0) 
abo  used  extranum  seeking  to  opomuee  actuation  facquaucy  to  trumcnod  ansulsume  of  5D  airfada  to  fear 
Re-  Muse  to  aL  (2001)  used  a  neural  network  adaptive  controller  to  control  (fie  pitch  plunge  motion  of  at 
Swan 

For  sufficicn  t  change*  a  operating  oouditicu*  there  are  tnmftwafch  fanMMien*  far  a  particular 


■  in  the* 

a  )  Convective  units  Fee  MAV,  dm  iaaphee  a  A 
of)  to  100  Ha,  and  this  it  Utoriy  to  be  considerably  fewer  than  bandwidih  Itmiteucns  associated  with  thr 
artuatmn  and  KMf.  A  mayur  aspect  of  the  preimt  raemrch  has  brat  to  document  4m  UtnKatkto,  in  thr 
context  of  uostewdy  wind  tunnel  experiment*  described  in  aectom  1,  and  to  »how  how, « least  in  theory  and 
cuwputauon,  st  may  be  osercumc  in  ordg  to  aduestr  sahjluatiow  and  eywthfoodttoiito  of  vortex  shedduig 
on  d»  own  omrawc  timescale  In  actual  appticatuo,  a*  wc  document,  evtn  atfeesutg  ccnmii  to  bmescakt 


L7  Reduced-order  model* 


the  rystom  to  he  cuakofled,  oworporalmg  the  effacts  of  mpuU  and  <a*put*  For  psoblcma  in  fluid  n 
the  gmeruing  srptauim  arc  bows  (the  HavumStuha  cquauonaL  and  m  pnnripfe,  these  may  be  used  far 
cuntrvl  design.  For  mitswee.  model  based  optimal  cutnroltm  have  been  applied  to  tonuiatfane  of  chacmd 
flow  Brwky  atal  (ROOD,  it&ghcig  to  aL  (200Datidyrt  no.se  Wo  A  Freund (2006),  but  (hem  strategies  ate 
(hr  loo  computationally  expemsve  to  run  m  real  time.  In  order  to  produce  modal -bated  controllers  that  may 
be  anpfemmrtcd  m  practice,  it  n  neucssarv  to  uk  scent  form  of  model  reduction,  to  wfuuh  the  high-fidelity, 
high  dimmsional  model  m  repkcod  with  a  umpire  low-dimcntomal  approx  mau  - 

Moat  pnraous  week  in  this  arc*  has  focused  on  Proper  Orthogonal  Deceunpowtioa  (ROD)  Holme*  to  a). 
(IftWV  *  method  winch  extracts  4m  eaaryriaceUy  ilnrmnsnt  featuras  n  a  flow.  Rownn.  »  many  fhwfe 
problems,  few-anatgy  features  have  been  shown  to  have  an  importaot  effect  on  the  dynamics,  and  m  a 
rank,  model*  bsned  oo  fOD  o flea  perform  ponrty  flak  A  Rowley  (20OXV  For  imunce.  even  model*  of 

A  a*  the  Reynold*  number 


g  model*  suitable  for  control  design  Our  efforts  here  focus  onanep- 
*  vomort  ofhalanccd  buocnato  Moore  (|»ll)  called  Balsnccd  Fropcs  Ortbogticai  Docompotuum 
(Balanced  FOD)  Rowley  (200$)  BaUnced  POD  nytoeauukaity  moorporatsn  the  effect*  of  senaora  aad  ac¬ 
tuators,  and  typtosUy  produces  nsedeia  that  are  much  more  accurate  aad  robust  than  cootapondiag  FOD 
models  (a  prcVKMM  work,  the  haleocod  FOD  procedure  has  been  developed  far  stahie  linear  systems,  and 
hem  w*  uurratigate  its  appiictowa  to  watohlc  equilibrium  points,  aa  well  at  uattabia  penochc  orbua  (auch 


One  feguanaM  csiikam  of  the  Balanced  POD  method  u  thattt  c 
«e  a  requires  infarmaUto  from  ntfamtmmiwtiutu  of  the  Onto  These  m 
4m  eMMtovity  of  the  flow  to  perturhatioo*  m  different  regions,  and  this  mfonmiwo  is  critical  to  the  effective- 
■am  of  4m  balanced  POD  method,  flesxt,  weako  powM  method*  of arfotoa/wr  b 


2J  ML'RJ  Research  Objectives 

The  overall  goal  of  tha  MUtU  reswuch  mu  to  develop  mtrgmmi  dbanAfeop  fkm  mJ  Jhgfw  ttmrrol  far 
MAV  tgplMtomne  hyuedk  obfectit*  woe  to 

•  Dmhfi  ctoaaddonp  flow  oorMrwl  lo  cxieml  the  parameter  speca  for  which  steady  lift  can  be  mam- 
toned  to  high  angle  of  attack 


•  Use  conoot  to  syochraua*  wuxax  thedduig  and  impn-vc  mancuvcrabthty  and  goto  response,  which 
will  ultima  is  h  cl  mutant  ewpwctotonal  control  nsfaecs  mada  redundant  by  flow  cortorol  atUtotot* 

a  l?*a  expenmenu  wdh  Otimcncal  sanultoiont  to  obthtn  atosgfe  ito*  4>c  flow  physic*  »f  sepoxted  (towns 
of  low  aspect-ratio  wrings 

•  Drwtkg  a  reliable,  aytoametfe  appoach  a*  rahaccd-order  emdahng  for  fsndhnck  flow  cooUrd.  oaiog 
dau  ho*  sunulatum*  and  espenmeou. 


apNSklto- 


•  rkaignandewteuntofiaarid  loegea— olfeamfeMedoadM 


•  Explore  claeetl  long  coatrol  srraaagiss  auch  aa  phaae-feck  loop  mtd  crtrcmian  sacking,  for  which 
model*  are  aot  required 


Lf  Summary  of  Acconrplttlimcnt* 

Thai  report  psuvidca  detailed  resuiu  fium  cxpmmcoo.  *imula*ioo&,  and  modclrtf  effort*  asmod  at  the  ofifec- 
Uvca  daaenbed  Intheia  the  pmv  fooa  scctioo  We  provide  best  a  brief  summary  of  the  a 
of  the  overall  effort. 

I  (Section  3)  Cloaed-toop  flow  sod  flight  control  want  demonstrated  in 

tens*  hft  aad  to  maaftatn  toeadv  hft  man  umieady.  gutting  flow  Raduccdwrdcr  m*dda  of  the  lift 
response  to  actuation  were  obtomad  using  not'd  system  tdanbftcatiaa  Inhwiipiri  and  wore  used  to 
design  several  geucrMiora*  of  controller*  that  tucceuowcty  demoosirated  the  ability  to  suppress  ltd 

duration,  amplitude,  and  fiwvlrcam  speed  waa  studied  ia  detail  to  provide  dau  for  the  mudek  and 


tuatioa.  The  uhnnaie  bandwidth  of  lift  fluctuation  suppreruun  achwwa)  m  the  Uhor story  was  fouad 
to  be  autodtoed  with  the  whereat  dyuamic*  aasociasad  with  die  cuswrcocao  of  aa  actoetoe-gsoertoed 
vortex  along  the  suction  surface. 


Z  (Section  <)  A  m 


toy  (TBlPsrthod  WtodciefepcdforoomputoUgn 


IB  method.  A  comnwo  framework  was  developed  to  rmpfement  linrarusd  and  a 
of  the  gmwnuf*  rgwrouM  due  are  dwcrrtth  vwumm  with  flow  aufeec  1 


y  (5octiua4)  A  sytoemtok 
stable  system*,  and  tyttems 
incorporate  the  c£ccu  of 


shedding).  The  n 
more  cfloctiv*  far  thr*  p 
Au 

explored  to  develop  few  a 


for  4w  separating  flow  paA  a  flat  plate  to  high  ar«ks 
of  attack,  forced  by  aenraton  at  the  tewfiag  and  tnuung  edge.  Observer dw»cd  feedback  cramoffm 
wen  designed,  sod  wen  ahfe  to  suhihw  leading -edg*  vortices  to  Re  *  100,  m  direct  numerical 
womlatiotto.  to  addition,  grwhenr-based  opetmeratian  wm  used  w  fiad  ItfVmaxnnurmg  nstuMor  mput* 
fof  higher  angles  of  snack  where  vortex  shedding  is  inevitable.  OpumLcrd  waveform  were  also 
implemented  wuh*  tempi*  plunc^ock-feop  cooovlkr  ia  enter  tu  yield  oprana!  perfanaatoe  (ahwaiy 
(in  iha  presence  of  disturbance*)  in  a  w*y  auitabl*  for  appUctoioo 

S.  (Itoctioa  6  The  natural  mm)  astuaiad  (open-loop)  flows  oo  few  aapacl  ratio  pO)  flat  pktes  were  iraa- 
_  Dsucngthaod 


II 
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frequency,  and  plan  form  shape  Simulations  revealed  the  stabilizing  influence  of  tip  vortices  on  vortex 
ihcddiag,  an  effect  whxh  can  be  enhanced  with  steady  and  unucady  acttuuoo  leading  in  major  lift 


o  devigrw 


P  rapidly  find  optimal  frequency  of  unuroidal  forcing  appbod  at  the  trailing  edge  m 


3  Control  of  vortex  shedding  in  wind  tunnel  experiments 

1L  Introduction 


6  (Section  7  A  novel  ncmailaung  od  tn 


of  the  direction  (upstream,  downstream  and  skewed)  of  actuation  an  (he  leading  edge  wanes  and 
separated  flow  was  explored.  Key  result*  from  dus  investigation  an  described  in  Section  5 J. 
The  second  generation  wing  had  a  rerot -circular  planfornt  wing  with  an  aspect  ratio  of  154.  The 
serai -circular  leading  edge  enhanced  the  ability  of  the  pubed-blowing  actuators  to  Control  (he 


31  Experimental  sec  op 

The  kaili  nr  edge  and  tip  vonea  tmeracooa  studies  wen  condoned  under  steady  flow  and 
dynamic  conditions  is  the  Andrew  F^er  Unsteady  Flow  Wind  Tunnel  shown  ia  figure  32.1.  The 
test  sect  too  csotwsectioo  »  041m  by  0.61m.  Flow  speeds  up  to  TOras  could  be  achieved, 
although  the  majority  Of  the  cneasumnerux  were  done  in  the  3ov»  to  5m/t  range.  Chord  Reynolds 
numben  were  varied  from  Raw  •  30^000  to  1 00,000,  A  computer  controlled  shatter  system  at  the 
dowiutrcam  end  of  the  test  section  allowed  the  fronaan  speed  to  be  modulated  at  frequencies 
up  to  3  Ha.  and  velocity  fluctuation  amplitudes  up  to  10  percent  of  the  mean  flow  speed.  The 
higheat  level  of  froesaream  tarbukocc  Wwsi  waa  Bscoaured  to  be  04  poceol  at  an  average  speed  of 
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3  sri  and  over  a  b 


0.1  llx  to  30  lie.  The  turbulence  level  decreased  a»  die  flow 


A  summary  of  dw  mulls  follow*  m  the  oext  two  subsections,  and  sdditmnal  details  of  the 
avcsbgatkm  can  be  (bund  )o  Williams,  rt  ah  (2007V 


Fig.  32.1:  Drawing  Of  unsteady  flow  wind  umnd  leal  section  showing  PTV 


3J.  First  generation  win*  -  rectangular  plnaform 


3-31.  Rectaagalnr  Plaaform  Wing  design 

The  rectangular  aided  models  used  ht  the  experiments  were  mounted  on  a  sting  connected  to  a 
ferae  balance  and  pitching  mechanism.  The  NACA  0012  and  ftai  plate  airfoils  had  a  chord  c  - 
203am.  spaa  b  •  406mm.  and  aspect  ratio  All  •*  2.  The  flat  pla«  airfed  bad  a  thickness  ofl  4 
mm  (.56  m)  giving  a  thickness  ratio  Oe-O.OT.  A  5d  ollptk  Wing  and  muling  adgea  were  used 
similar  to  the  design  of  Torres  and  Mudler  (200«V  Actuation  of  the  NACA  0012  cowuawd  of 


leading  edge.  Each  actuator  was  isolated  from  its  neighbor,  and  could  be  individually  activated. 
For  the  fl*  plate  (thin  airfbilV  16  actuators  were  located  along  the  lending  edge.  The  leading 
edge  was  modular,  and  could  be  exchanged  with  ocher  leading  edges  to  change  (he  direction  of 
actuation  A  drawing  of  dm  leading  edge  actuator  for  the  upstream  blowing  configuration  it 
shown  m  figure  3.3.1.  The  diameter  of  each  actuator  jet  war  0.79  mm  (003!«a.V  aogkd  10* 
upward  from  the  chord  line  of  (he  ai/foiV  Straight -Wowing  actuation  used  yett  aligned  with  the 
flow,  whereas,  ‘outward  blowing'  actuation  osed  the  tome  configuration  as  shown  in  figure  1*1. 
with  the  addition  of  s  4f  rpaewtre  compuocm  so  the  jets. 


The  ability  of  active  flow  control  actual oa  to  modify  the  leading-edge  and  dp  vortex  (LEV/TV} 
system  wm  explored  in  the  first  phase  of  wtod  tunnel  experiment*  uung  a  rectangular  plaaform 
wing.  Thro*  different  oricotatiaaa  of  the  actuators  were  <  xpsoted  upstream,  downstream  rod 
cross-flow  actuation  (45*  to  the  mean  chordV  Control  of  die  leading  edge  vortex  was  expected  to 
enhance  maneuverability  by  stabilizing  or  syoehnxuxin*  vortex  shedding  during  pitch,  yaw.  and 
rofi  momma,  and  .a  response  to  gusts.  The  longer  torn  goal  so  so  extend  the  range  of  aspect 
ratios  and  Reynold*  numbers  for  which  steady  Uft  could  be  maintained  at  very  high  angle*  of 
attack  (AO  AX  while  rcakring  benefits  associated  with  higher  aspect  ratio  aerodynamics  during 


The  concept  of  lift  augmentation  by  eroas-flow  steady  blowing  was  first  studied  by  Dixon 
(1969V  who  showed  <hm  the  kadmg  edge  vortex  could  be  prevented  from  shedding  when  a  jot  of 
air  was  blown  laterally  over  the  ruction  surface  of  the  airfoil  He  speculated  that  rganwisc 
blowing  crossed  leading- -edg*  sweep  effect,  similar  to  defca-wmgs,  and  devised  a  tingja  jet 
positioned  near  the  root  of  the  wind  and  at  the  cfA  location  on  a  rectangular  fta-pbac  wmg  with 
•sped  ratio  4  7.  Steady  Mowing  wirtt  nary  large  momentum  coefficients  from  Q.  -  02®  to  042 
n  lift  coefficients  from  Q  -  l  J  to  25.  which  wa*  attributed  to  stabilization 


of  » leading  edge  vortex. 

Wc  explored  foe  possibility  of  achieving  a  similar  stabiUxaboa  of  the  leading  edge  vortex,  but 
with  orders  of  magnitude  less  blowing,  by  adding  a  spanwiae  component  to  die  pulsed-Wowing 

rectangular  ptaofbrms.  The  response  of  the  airfoil  flow  to  uufividualfy  controlled  actuators  with 
open  loop  forcing  was  documented  to  provide  the  baseline  information  needed  to  develop  a 
closed  koop  control  model.  A  particularly  imported  measurement  mas  to  dcecreune  the  degree  of 
mlliMSce  the  pufod -Mowing  actuators  had  oa  the  spaow  tae  circulation  distribution  over  the  wmg. 


j 


Fig.  1  J.  I  More  rectum  for  upstream  acniaucm  (dimensions  are  in  tochcx  > 


When  pulsed  Wowing  actuation  was  used,  there  were  two  forcing  frequencies  of  micro*, 
namely,  a  low  frequency  at  r-fc/lM>47  (-  5  Hz)  corresponding  io  the  global  instability  of  the 
separated  flow  icgioo.  and  a  high  frequency  (F*  -2)  associated  with  the  Kotvsn-Heimholu 
uucahiiiTy  of  the  separated  shear  layer 


332.  MV  Measurements  of  Shear  Stress 

A  quantitative  measure  of  the  effect  of  upstream  actual  km  oa  the  separated  region  comes  from 
the  P1V  measurements  of  the  Reynolds  stress  as  shown  in  figures  ?32a-d.  The  site  of  die 
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PtcavuUUoa  region  «  doattxd  with  needy  blowing  but  has  not  betm  completely,  which  can  bo 
seen  by  comparing  (he  streamlines.  This  is  consistent  with  the  flow  vaualiaatkm  images  at  the 
mitt-span.  The  canter  of  (he  reeirculatioe  appears  ru  a  (oca  in  the  streamline  patterns,  which  we 

The  maximum  values’**  negative  Reynolds' stress  <uV)  s 

v  and  indicate  a  transfer  of  energy  from  the  mean  flow 
case  (figure  344b)  the  Reynolds  stress  shows  a  strong 


l  edge  region.  Comparing  figures  342e  and  3J4d  wc  see  that  die 
igMOram  actuation  accelerates  the  fotmaboa  of  the  negative  Reynolds  stress  region,  resulting  in  a 
redact)  on  of  (he  recirculation  region. 


Baseline  (no  foedng) 


Upstream  Actuation 


i  b  active  flow  control,  and  the 
values  of  the  momentum  coefficient  (C„  -'.01  percent)  required  to  enhance  the  lift  are  typical  of 
those  observed  by  other  mvestigaterx  Lift  a  gradually  and  continuously  increased  as  the 
momentum  coefficient  is  increased.  The  lift  does  not  appear  to  saturate  with  downstream 
directed  actuation,  and  presumably  larger  forcing  amplitudes  would  result  in  even  higher  C». 


Significantly  different  response  of  the  lilt  cocflica 


t  upsua 


shown  w  figure  3.3  Jb  A  dose-up  of  the  rapid  change  *  CL  is  shown  o  figure  3J3c.  The 


remediate!  y  The  lowest  resolvable  supply  pressure  with  oar  c ootid  system  pressure  regulator 
was  MOPa  (0  123  paigk  The  maximum  lift  incremeot  occurred  at  1 72  kPa  (0_25  pug) 
corresponding  to  C*  -  1 3*1  O'*  percent,  which  is  two  ord era  of  magnitude  lower  dian  that 
achieved  with  downstream  actuation  While  dut  u  a  very  encouraging  result,  suggesting  that 
farces  on  an  airfoil  may  be  controlled  with  extremely  low  forcing  amplitudes,  we  caution  that  the 
reasons  for  the  upstream  actuation  efficiency  arc  not  fully  understood  yet.  Furthermore,  the  PTV 


wrepletdy  diminaur  ihc  flow  acparatioo  as  the  mid-span  region  of  the  aided. 

Four  different  types  of  actuation  are  shown  in  figure  3.3 J:  trendy,  (I)  steady-straight,  (2) 
sseady-crottflow.  (3)  pulsed  straight  and  (4)  pulsed -crotsfiow,  where  straight  refers  to  bong 
along  the  x-axit  and  outward  indicates  a  45*  angle  toward  the  tips  of  the  airfoil.  The  efforts  of 
the  four  types  of  downstream-onented  actuation  are  shown  m  figure  3J  Ja.  where  u  can  be  seen 
that  the  outward-span  pulsed  blowing  at  f-5llr  (F* -  067)  was  the  mod  effective  at  increasing  the 
lift  coefficient.  However,  when  upstream  actuation  n  used,  then  straight -steady  actuation  is  the 
mow  effective  at  the  low  amplitudes  but  smady-cromAow  bomraca  more  effective  at  the  higher 


Fig.  3J4:  Arbitrary  streamline*  and  Reynolds  stress  contours  for  the  baseline  and  upstream 
forcing  cases  at  ft*  mid -span  and  yf(V2)  *  043  span  of  the  fiat  plata  airfeiL  Reynolds  drew 
contour  levels  range  from  -20  mV  (blue)  to  *  15  mV  (red)  The  amplitude  of  the  steady 
Mowing  mC,‘  R  3  a  KT*  percent-  The  s  and  y  ax*  labels  aw  m  enlhmei etv  a)  bnarline, 
yf(hf2>-0-.  b)  uptiream  actuation.  y*V2H>;  c)  baseline,  vf(V2)  -  0.33.  d)  yW2)  -  0J3 


Measurements  of  the  overall  fill  and  drag  were  obtained  with  a  six -component  force  balance. 
The  effects  of  epurasea  red  downstream  actuation  on  lift  with  steady  and  pulsed  blowing  are 
shown  a*  a  Uft  increment  A(\  -  C|  Ct.Mb  b  figure  JJJ.  The  error  ban  shown  are 

baaed  on  the  maximum  variations  observed  after  repeating  the  experiments  several  times.  The 


3.4.  Second  Generation  Wing  -  bcmi-Clrcnlar  Flanform 


The  a 


rptaol 


a  provides  s  continuously  varying  sweep  angle  from  <f  at  tha  center 
s  to  the  rectangular  plastform  wing  k  area  expected  that  the 


span  to  90*  at  the  lip.  Inc 

etc*  would  be  more  receptive  to  the  pulsed -blow  mg  actuation  and  less  tikdy  » 
the  vortex  Th*  assumption  turned  out  to  be  corns*,  and  the  sen* -circular  plaafonn  was 
n  as  the  test  article  for  the  investigations  dealing  with  the  use  active  flow  control  in  dynamic 


The  experimental  effort  m  the  wind  tunnel  experiments  was  aimed  at  constructing  closed- 
loop  control  systems  for  modulating  (he  strength  of  the  loading  edge  vortex  in  an  steady  flow 
r—tiri"***  Pressure  sensors  on  the  suction  surface  of  the  airfoil  were  used  to  detect  the  surly 
Stages  Of  soil,  which  were  comcident  with  the  formal  nw  of  the  leading  edge  vortex,  although  the 
overall  lift  force  was  ultimately  used  as  (Sc  feedback  signal  For  the  first  attempt  at  feedback 
condo)  for  this  problem,  wc  used  a  quasi-aiauc  approach  to  closed-loop  control  to  adjust  the 
strength  of  the  lading  edge  vooot  in  response  to  an  oscillating  free  stream,  which  wo  described 
in  Williams,  at  aL  (2«*a) 


I? 


II 


(•) 
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3-4.1.  Semt-Orcnlar  Plaaforra  Wing  Components 

A  photograph  of  the  dusraembtsd  airfoil  mode)  is  shown  m  figure  J  4.L  Tha  plenum  coven  are 
removed  to  expo**  tha  16  mkao-valres  that  control  the  pulscd-Mowin*  to  the  lading  edge  The 
planform  ts  s  scuu-cude  with  a  ceuertme  chord  c  *201  mm.  and  span  b  *  406  tom  and  mpoct 
ratio  -  2  54  Although  steady  spanwisc  directed  blowing  is  known  to  stabilia*  the  leading  edge 
vortc*  on  rectangular  wings,  the  man  flow  rare  requirements  were  quite  large,  and  in  dm  case  of 
ft*  semicircular  wing  the  Uft  incremtnts  were  negative  with  steady  blowing  With  pul  red 
Mowing,  on  the  other  hand,  lift  coefficient  increase*  up  to  40  percent  (depending  on  angle  of 
attack)  could  be  achieved.  Each  nMcre-valre  actuates  was  moisted  from  its  neighbor,  and  could 
ba  individually  activated  to  produce  traveling  wave  patterns,  however,  alt  actuators  were  driven 


344.  Smoke  wire  flow  visualisation 


Flow  visualization  of  the  flow  at  two  spanwuc  locations 
of  attack  rs  shown  m  figures  3.4  2  a-d.  The  moke  sheet 
In  figures  3  44a  and  3.44c.  and  aligned  with  the 
expected,  without  flow  control  the  flow  is  fully  seg 
figure  V44b  Activation  of  the  16  pulsed -biowmg 
the  leading  edge  partially  reattaches  the  flow  at  shown  in 
leading  edge  vortex  on  he  scan  m  figure  3.444,  mdkaoi 
captured  and  intensified  the  LEV,  PJV  data  confirmed 


at  IF*  angle 
ef  the  wusy 
3  .444.  As 
<  344a  and 
with  each  other)  along 
3444  An  misarified 
Mowing  actuation  has 
along  the  loading  edge 

ct  aL  (200Kb) 


Pi*.  3.4.2:  Smote*  *w  vbuniietfMia  of  the  flow  over  the  win*,  a  *>  IV,  Re,  »  64,000  •)  on 
farcing.  crater  qtan:  b)  no  forcing  quarter  rjaan.  c)  actuation  on.  center  spun;  d)  actual  too  on 
quarter  cpnn. 


XAX  Rnpww  to  pitching  m 


It  4*  weQ  known  that  airfau*  mi  wings  packed  upward  at  high  pitch  rate*  Iona  dynamic  *uU 
vortices  The  extra  circulation  associated  with  these  vortices  leads  to  higher  lift  coefficients 
than  can  be  achieved  under  steady  conditions.  The  lift  coefficient  remits  to  figure  3.4  J  indicate 
that  our  aeau-ciicular  wing  exhibits  timilar  behavior.  An  approximate  steady  uate  lift  curve  ia 
obtained  by  mcaanrtng  lift  during  a  alow  pitch  rate  ofa'-dn/dt  -  0.9  debtee.  Static  stall  occurs 
arcs*  16*.  wfal*  at  the  higher  pitch  rates  ofa**  40  and  10  dcgfecc  stall  »  delayed  to  0-2**  and 
32*.  respectively.  The  presence  of  a  dynamic  stall  vortex  increases  the  lift  coefficients  to  C».»  1.4 
and  Ct  -  1J  far  the  two  pitch  rates.  Pitch-down  maneuvers  at  the  tame  constant  mas  are  aha 
shown  in  the  figure*  to  demonstrate  the  symmetry  of  the  result  Since  the  wing  has  no  camber, 
the  ana-symmetry  In  C,  was  expected  about  w  -  0*.  when  the  ftow  wa«  attached.  A  hysteresis 
effect  in  the  lift  curve  response  was  «ccn  when  the  flow  is  separated. 


Ftp  y*A:  Lift  dependence  on  angle  of  attack  .  Forcing  an  at  23  ILr.  C,  ~  0074  and  pilch  met 
do/dt  *  0  9  and  40  degree.  Forcing  in  the  ‘'static"  case  produce*  mom  till  coefficient  as  the 
dynamic  case. 
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3-4.4.  Opra-loop  forcing 


SAi  Uft  spectra  dependence  on  angle  of  attack 


The  effect  of  open-loop  farcing  on  the  lift  coefficient  ts  shown  ta  figure  3.4.4.  For  refersnee 
purposes,  a  pitch-op  baseline  case  do/dt  -  40  dcg/*ec  with  actuators  turned  ofT  is  shown  by  the 
green  curve.  The  red  data  curve  corresponds  to  actuators  continuously  pulsed  at  23  fU.  C„  - 
.0074,  with  a  slow  pitch  rate  do/dt  -  0.9  degree.  The  baseline  steady  lift  com  with  no  actuation 
b  shown  by  the  blue  line.  The  effect  of  actuation  b  similar  to  the  dynamic  nail  effect.  In  both 
ernes  stall  u  delayed  until  a  23*  where  a  maximum  lift  coefficient  of  Ct,  -  I  4  a  reached.  This 
h  indirect  evidence  supporting  the  earlier  observation  that  actuation  has  die  effect  of  stabilizing 
the  leading  edge  vortex 

Since  doaed-toop  control  was  to  be  used  to  obtain  the  tame  high  lift  coefficient  values  dunng 
wrung  maneuvers  and  (light  in  an  unsteady  ficcuream.  knowledge  of  the  flow  star*  am  the  wing 
was  an  eoratial  dement  in  the  development  of  the  controller.  In  Williams  <t  ai. (2004b)  we 
explored  feedback  signal*  based  on  the  lift  farce  and  oo  pressure  tap*  located  at  x/c  -  0.42  and 
ft. 72.  Figures  3  4, 5a  and  3.4  $b  show  the  mean  pressures  measured  at  xc  0  42,  corresponding 
to  do/dt -0  9ar»d40deg/see  pitch-up  and  pitch-down  maneuvers.  The qtnn-atcady  data  at  do/dt 
-  0.9  is  used  as  input  to  a  second  order  differential  equation  model,  which  predicts  the  effects  of 
the  finch  rat*  on  the  prcaaurc.  Figure  3.4.5a  show*  that  the  pretanre  decrease*  linearly  prior  to 
flow  separation,  irrespective  of  the  pilch  rale.  During  a  pileb-up  maneuver,  (he  separation  * 
delayed  (red  dashed  lawk  and  during  pitch  down  the  iratfwchmcni  of  the  flow  b  delayed  (dash 
do*  Unci. 

The  effect  of  actuator  farcing  oo  the  surface  pressure  daring  alow  and  rapid  pitching 
maneuvers  i*  shown  in  figure  3  4.5b.  The  pressure  response  to  actuation  is  somewhat  different 
Gmm  the  response  to  pitch  rate  shown  m  figure  3.4  5a.  Consequently,  it  is  occusaary  to  include 
(he  effect  of  actuation  ia  the  plant  model  in  order  to  build  an  effective  closed-loop  control  system. 
That  topic  will  berevbbed  in  Section  3.6. 


Figure  3.4.5  Effect  of  pitch  rate  on  the  surface  pressure  measured  at  xAe  -  .42.  a)  No  forcing  si 
wing  pitch  rates  do/dt  -  0.9  degree  (blue  and  cyan)  and  40  drg/rcc  (rod  and  brown),  b)  Forcing 
on  at  25  fix.  C,  *  0074  and  pitch  rain  du/dt  •  0.9  (blue  and  cyan)  and  40  dcg/scc  (red  and 
brown). 


Lift  flucnmlMms  are  driven  by  vortex  shedding  front  the  wmg  at  frequencies  that  arc  dependent  oo 
the  angle  of  attack.  The  dominant  frequency  obtained  from  the  tpccuum  of  the  lift  signal  is 
plotted  in  figure  3.4  6  far  angles  of  attack  varying  from  a -9*  to  31*  From  figure  3.4.4.  we  saw 
that  sul!  begun  at  approximately  a- 15*.  and  the  one*  of  stall  corresponds  to  a  decrease  in  the 
frequency  of  the  UftfluctuatMm  The  red  darbed-bne  ia  fee  Gguro  3  4.6  oonrcqKMd*  to  a  Strouhal 
number.  St  -  fc*sin<*yU  *  02,  which  was  originally  proposed  by  Fage  A  Johansen  (1927)  far 
two-dimensional  flows.  In  ih»  version  of  the  Strouhal  number  the  length  male  of  the  frequency  b 
beaod  on  the  wake  witkh  (or  equivalently  the  projected  mid-spun  chord)  c*sm(e).  It  *  interns: tog 
that  a  low -aspect  ratio,  three-dirocasionaJ  wing  rhow*  good  agreement  with  this  scaling  after  (he 
wing  »  oompiciriy  mailed. 


3  J.  Scaling  of  transient  lift  response  to  pulsatile  actuation 

For  the  mob  part,  active  flow  control  studies  have  barred  on  the  stcady-srate  behavior  of  the 
flow,  when  only  luneeooumious  (eg.,  sinusoidal)  actuation  b  needed  far  producing  changes. 
Early  studies  (Abuja.  1C  4t  BurrinJL  1944.  Ncubcrgcr,  D.  ft  Wygnarwki  L  !947)de*enxuned  char 
effective  actuation  frequencies  should  be  scaled  with  convective  time.  t*“cAJ.  which  ta  the  time 
for  disturbances  to  adroct  over  a  certain  characteristic  length  of  the  wing  The  ampldud*  of  the 
steady  state  lift  response  is  usually  correlated  with  the  momentum  coefficient.  Cg  The 
frequency  and  ampbnsde  scaling  parammen  have  physical  meaning  through  then  connection  with 
flow  testabilities  Whan  the  airfoil  m  ia  a  fully  stalled  state,  then  the  convective  time  seal*  » 
comparable  to  the  penod  of  vortex  rhoOdtng  ia  the  wake.  Thera  a  a  coupling  between  vtatksl 
structures  In  the  wake  and  the  separating  flow  from  the  atrfods.  so  that  steady-state  actuation  at  St 
-  0(1)  affects  dm  coupling  between  the  wake  and  the  airfoil  (Wo,  at  ai  1994.  Bonaowski  ft 
Glczcr  2006)  More  detailed  studio  nsing  numerical  limutaiiooa  of  flow  over  a  tiro  dimraatonal 
airfoil  (Rjqn  et  aL  2004)  identified  three  naturally  occurring  flow  aostabiliues.  which  exbi  during 
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•  and  are  important  to  die  dynamics  of  (be  actuate* -to- flow  interaction 
n  that  must  be  modeled  for  control.  The  inuebditto  are  connected  with  the  shear  layer. 


A dd inf  unsteady  aerodynamic  effect!  on  lop  of  dus  already  complex  mix  of 
tx  that  new  approaches  ta  flow  control  may  be  necessity 

studied  the  response  of  the  separated  flow 
a  flora  die  actuator  The  transient  behavior  of  the  forces  acting  oo 
wings  in  response  to  pulse-type  nr  step- input  disturbances  can  be  significantly  different  from  the 
steady  sum  response  Att  extensive  study  of  ‘»«rp- input’  transient  flow  associated  with 
reaxtacbment  and  separation  was  conducted  by  Databi  and  Wygnsaski  (2004a.  2004b)  oo  a  two- 
dimensional  deflected  flat  plain  Own*  sicp  inputs  from  a  aero-net  mans,  vorcccod  driven 
actuator  they  showed  that  die  total  time  it  takes  for  the  flow  to  reattach  on  a  deflected  flat  plat* 
was  Inng  0(20-50  r)  Hi  terms  of  convecttvn  Ome  unit*,  and  was  to  a  large  extent  dependent 
on  the  frequency  and  amplitude  of  excitation.  For  fixed  values  of  the  forcing  parameters  C|i 
and  F  •.  the  transicni  lift  response  to  a  step  input  scaled  with  the  dynamic  pressure  (CJ  and  the 
convective  time- scale  (I*.) 

The  mrunent  response  of  the  separated  flow  on  20  airfoils  so  puiac-typc  actuation  input  was 
Mtvmtigaled  by  Amitay  and  Gkser  (2002.  2006).  They  documented  the  effect  of  flow  transients 
occurring  at  the  onset  and  termination  of  actuation.  Glean  and  co-workers  (Bnemowski  A  Glow 
2006.  Woo.  ft  al  20M)  also  studied  the  till  response  to  shun  duration  pulses  produced  by 
combustion  actuators.  They  showed  that  energetic  pulses  from  the  actnaton  with  time  scale*  ns 
•hart  ns  0(0.03  t')  were  effective  in  producing  a  momentary  mcrensc  in  circulation  around  the 
airfoil  The  relaxation  tunc  of  the  circulation  back  ui  the  undisturbed  state  was  long,  on  die  order 
of  0(3-10  fv  The  effect  of  different  pulse  sequences  oo  the  circulation  was  also  explored. 

Here  and  in  the  paper  by  Williams  ct  al  (2000a)  toe  use  short-duration  pulsatile  disturbances 
for  the  purpose  of  system  identification  no  the  separated  flow  around  a  low  aspect  ratio,  three- 
dimensional  wing.  The  output  from  the  separated  flow  ’’system*’  response  to  •  single  pulse  give* 
a  son  of  ‘impulse  response”  model  that  cut.  wtthm  certain  limits,  be  used  to  predict  die  large- 
scale  features  of  the  lift  response  U  various  tunc  varying  actuator  Input  signals.  The  model  can 
•Iso  be  used  as  pan  of  a  control  algorithm  to  simulate  actuator  response. 

By  studying  the  folk  force  transient  to  pulse-likc  disturbances  from  (he  actuator,  it  is  possible 
to  obtain  input-output  models  that  provide  insight  uuo  the  flow  physics  of  the  « 
addition  to  obtaining  scaling  relations  for  the  flow’s 
that  arc  useful  for  designing  closed-loop  controllers  In  this  section  the  response  of  a  wing  fixed 
at  o -20*  to  pube-type  disturbances  with  varying  amplitude  and  different  freestresm  speed*  u 


The  peak  iifl  coefficient  increment  above  the  unforced  steady  state  value  is  shown  »  figure 
3.5.1  for  the  response  to  a  single  pulse  from  the  actuator.  A  wide  range  of  actuator  pressure*. 

are  shown.  A  nearly  linear  increase  with  die  «quare  root  of 
i  be  seen  until  saturation  occurs.  The  square  root  of  the 
•or  ict  exit  velocity  Using  hot  wwe  measurement*  of 
w  jet  exit  velocity,  we  fowd  that  C/f  -  356  U/U*. 


Figure  2-3.1 :  The  peak  in  the  transient  fin  coefficient  dependence  an  actuator  pressure  coefficient 
The  actual  or  supplied  only  a  single  poke  with  different  supply  pressure*,  flow  speeds  and  valve 
open  times. 


A  variety  of  BA  coediocot  tnosicorx  ate  plotted  again at  the  convective  lime  scale  t'-tU/c  in 
figure  JJ2  Each  corse  corresponds  to  a  different  (recstream  speed  and  actuator  pulse  duration 
time.  Af«»  which  are  chosen  so  that  the  non -dimensional  pulse  duration  tune  is  kept  constant. 
AUV  &u  Ufc  -fr-S  Al  flew  speeds  below  4  riVt  the  peak  lift  mcremsM  saturates  as  C/* 
exceeds  30. 

The  lift  response  to  a  single  pulse  cant  he  treated  as  a  filter  kernel,  and  can  he  used  to  predict 
die  lift  time  history  for  arbitrary  actuator  input  signals,  at  least  up  to  bt  -  0.2.  Even  though  the 
detailed  tntencnons  between  the  actuator  input  and  the  response  of  the  WA  force  arc  almost 
certainly  non-linear,  the  results  tn  figure  35.5  indicate  some  degree  of  linear  behavior  over  the 
range  of  opcraung  conditions.  The  phase-averaged  single-pulse  rmponsc  is  used  as  an 
approximation  of  tn  impulse  response  kernel,  K.(jX  in  the  convolution  to  obtain  a  predicted  output 
signal  w<2)  -  C  £  K(f)n(k  - /) ,  where  u(k)  b  the  arbitrary  input  signal  Thu  magnitude  inpul 

signal  u(k)  is  arbitrarily  given  an  amplitude  of  I  ft.  To  find  the  calibration  contain.  C,  the  total 
impulse  of  the  1-,  2-.  9-  and  10-pobc  experiment*  was  oompared  with  the  cotTcspuodiof 
predicted  total  impulse  usmx  the  model 

Thepradicied  and  mrew red  lift  traoucots  are  shewn  in  figure  255  for  the  J-,  5-  and  10- 
pulse  eases.  The  agreement  between  the  mode  and  the  measuremenu  are  satisfactory,  although 
the  mode)  ovcr-predicta  transient  ovenhoor  aod  undershoot  m  the  lift  response  for  the  Ift-puls* 
signal 


25 


26 


Fig.  3.5J.  transient  lift  coefficient  increment  dependence  on  convective  time.  Different  curves 
correspond  u>  different  flow  speeds  and  pulse  duration  tunes  to  that  the  non -dimensional  pulse 
duration  nmc  u  constant.  AU‘>  At—  U/c  «0.S. 


Fig.  J.SJ  Companion  of  expcrunentalty  meacured  lift  response  aod  the  lift  predtesed  by 
cotreohriog  a  !ii-pu»e  square  wave  signal  with  (be  impulse  response  kernel  Frecsirtam  speed 
was  U  •  5  m ft,  and  245  kPa  supply  pressure  to  valve* 


The  ability  of  the  kernel-model  to  predict  the  lift  response  to  a  steady,  periodic  screw  ion  k 
considered  nest  The  aettaanoa  eomists  of  amplitude  modulating  a  continuous  tram  of  square 
pulses  (again  with  oo-  aod  ofT-nmes  of  0.017*).  equivalent  so  a  24H*  square  wave  earner  signal 
superposed  with  a  square  wave  at  a  much  lower  frequency.  Comparisons  of  the  model 
predictions  with  the  experiment*  are  shown  in  figures  35.4, 355,  and  3  5 A,  corresponding  to  an 
amplitude  modulation  at  04Hx.  14  Hx.  and  $  6  Hr,  respectively  The  baseline  lift  that  occurs 
without  forcing  a  shown  in  each  figure  as  die  horizontal  dash-doc  line  at  Ct-0J. 

Figure  35.4  compares  the  predicted  bft  to  measured  lift  at  0.4  II*  modulation  frequency  The 
phase  between  the  actuation  signal  and  the  lift  response  ai  the  fundamental  forcing  frequency  was 
measured  using  a  crosw-spoctraJ  denary  ftmettoo.  With  a  25s  period  the  flow  haa  nearly  a  qaast- 
stcady  lift  behavior,  and  only  a  p  *-  29V  phase  shift  exists  between  the  control  signal  to  the 
actuator  aod  the  lift  response.  The  phase  shift  predicted  by  (he  model  a  p  -  26  2* 


Fig.  35.4;  Comparison  of  measured  hft  coefficient  (dashed  line)  arad  the  predicsid  lift  (solid  liar) 
is  shown  for  a  forcing  frequency  of  0.4  Hr  The  baseline  lift  coefficient  without  actuation  »  0.1 


The  iow-pnsa  filter  character  of  the  system  Iwwi-t  strains  visa  (he  farcing  frequency  k 
increased  to  1  4  Hr  The  data  in  figure  355  show  thw  the  square  wave  input  to  the  vahra  b 
rounded  at  the  comers  of  the  lift  signal  became  of  (ha  wienuatioo  of  higher  frequencies:  The 
ptuu*  delay  between  actuator  mpu  and  lift  raapona*  bcoomos  significant  at  this  forcing 
frequency.  The  phase  shift  between  the  actuator  input  and  the  lift  at  1 ,4  Hz  is  now  increased  to  p 
-79V.  The  bocar  model  predicts  a  phase  rfuft  of  p  —  S25*,  so  it  docs  a  good  job  of  reproducing 
the  phase. 

Whan  the  forcing  frequency  b  increased  to  S  fix  as  shown  in  figure  35.6,  then  the  amplitude 
of  th«  lift  fluctuation  u  significantly  reduced  by  the  fDicnng  effect  of  the  kernel.  The  amplitude 
of  foe  hft  fluctuation*  is  significant*  attenuated.  and  foe  phase  shift  is  p  -  1ST  At  this 
frequency  the  model  tmder-predicts  the  fluctuating  lift  force,  and  over  predicts  foe  phase  (p  - 


The  actuation  cm  cxsty  produce  positive  lift  pcnurbauou,  winch  tun  the  effect  of  increasing 
(he  average  lift  above  the  bmetiac  star*.  la  the  owe  of  figure  33  6,  the  mean  lift  corfflcteot 
shift*  from  Ci.  *  ft*  »  Ct  -  1.1.  The  lift  fluctuation  Mediate  about  the  new  mesa  lift  value 
rather  than  the  bascitoc  lift.  Ordinarily  one  night  Interpret  die  shift  to  the  mean  lift  at  a  nonlinear 
effect  but  the  rcsulu  show  that  the  linear  model  pm  a  pood  prediction  of  the  new  mem  lift 


Fi*.  3.3.5:  Comparison  of  mcaaured  lift  (dashed  Uoe)  and  predicted  lift  (solid  line)  t*  shows  for  a 
forcing  frequency  of  1 .4  Hr.  The  bavcimr  lift  coefficient  without  actuation  k  04. 


Fig.  J  3~6:  Com parooo  of  measured  lift  (daahed  boc)  and  predicted  lift  (aolid  liaO  a  shown  for  a 
forcing  frequency  of  5,0  Its  The  baseline  lift  cpefliocni  without  actuation  a  tLk 


The  undemanding  of  Ac  tnaaiaai  raptnso  to  actuator  input  and  the  ability  to  predict  the  UA 
response  given  ao  srtxtrafy  actuator  input  sat  the  cage  for  using  active  flow  control  ut  dynamic 
flow  Mtuauoo*.  The  neat  Section  Sj6  explore*  the  mo  af  active  flow  coatrol  in  an  unsteady 
froextrsaro  flow  Much  of  the  controller  design  and  system  identification  rneohed  from  work 
daw  m  collaboration  with  Protestor  Jtsdibcrt  King  and  hi*  etudem*  at  the  Tochnuche 
Uxiverwuet  Berlin,  Berlia  Germany. 


yjL  Dynamic  active  flow  coatrol  -  flow  coatrol  aader  changing  flight  condition* 

The  coovowtfsul  Mtulym  of  flight  oontro)  in  gutting  flow  conditfona,  Hoblu  U9H&),  conudert 
only  foe  emc*vcragod  aatisricnl  properties  of  tha  flow  umtcadmrte  If  tha  control  system  t» 
somehow  to  he  able  to  react  to  instantaneous  change*  in  flow  speed  and  direction  associated  with 
pan,  then  a  may  be  poteible  to  fly  the  vdnde  m  a  way  dm  allow*  h  to  extract  energy  6oa>  the 
guau.  Wish  proper  qpplicatioa  of  active  flow  control  technique*,  it  may  be  possibla  to  realise 

It  of  Ac 

......  ...  ....  _  tdy  and 

•  for  both  the  unsteady  aerodynamic*  and  the 
flow  system  totpoose  to  the  actuator  Quari-attady  models  arc  usually  not  suftkieM  fix  dosed 
loop  control  when  the  flight  vehicle  response  u  expected  to  bo  (bates  than  kmfa'U  >0.05. 
became  of  tha  time  tag*  aod  amplitude  Change*  associated  wuh  both  the  unsteady  aerodynamic* 


«pood  oaallation  and  foe  lift  force  ware  measured  lobe  <$»Vf  at  k  »  Oft.  There  are  large  delay*, 
aad  an  effect!  v*  controller  must  be  able  to  quickly  compete  *tt  for  Ware  lime  delay*  and  for 


The  abbey  of  a  simple  teed -forward 
by  a  smaMMdalty  o*ciiI*ung  tn 
2Qlfln>.  “ 


the  kfl  force  floe 


Became  tha  wing  ilia*  frilly  suited  State  with  a  fixed  a*  20*.  uoe  a 
behavior  io  dominate  the  eespotne  te  actuation.  Tha  use  of  neural  a 
nonlinear  model*  i*  an  option  for  the  control  approach.  However,  the  p 
described  ia  Section  33  mdkaterf  that  l 


t  uacar  model*  can  be  used  < 


range  of  enadhintw  will  it  be  valid?  Aa  equally  important  question  M  given 
system.  can  a  useful  controller  be  designed?  We 
dau  to  Obtain  black -box  system  model*,  and  MMtg  conventional 


;  or  look  up  tables  aa 


ia  over  what 
a  linear  modot  of  the 
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la  the  following  sections,  thr  use  of  system  identification  techniques  to  obtain  two  linear 
model*  wtuch  approximate  (he  separated  flow  response  to  actuator  input  disturbance*  is  obtained. 
The  find  model  a  a  higher  order  which  is  compared  to  the  pulse  response  result*.  A  second  lower 

model  for  the  design  pf  a  standard  preponwnaTitUcyral  (ft)  controller  The  ability  of  ihc  feed 
forwasd.  Fl-cxmtrolkr  so  maiouin  a  consult t  lift  force  is  tested  wuh  raodomued  Step  dungc*- 
in  thr  frccstream  speed  of  tha  wind  tunnel.  In  Section  V  du  idealised  models  are  used  to 
speculate  about  (he  ponibU  improvement*  ia  system  response  that  can  be  achieved  with  dosed 
teep  flow  control 


M.L  Model  dr  lift  reaponre  to  m 


The  range  of  possible  control  is  first  determined  by  creating  a  static  map,  which  is  the  steady  state 
lift  response  to  pressure  actuation.  Tha  angle  of  attack  »  fixed  *  20*.  the  micro-valves  are  pulsed 
continuously  at  2911*.  and  the  plenum  pressure  t*  varied  in  ltd**  increments  Data  is  acquired  for 
60  seconds  at  each  pressure  magnitude  aod  the  mean  value  of  the  Wl  ia  found.  The  proem  it 
repeated  for  varying  flow  speed*.  Figure  3.6.1  those*  the  mean  lift  response  at  flow  speeds  4mA 
through  9m ft  with  the  measurement*  at  5m ft  aod  7mA  repeated  a*  a  repeatability  tore  The  data 
collapses  to  a  single  linear"  curve  when  plotted  a*  the  change  in  lift  coefficient  versus  the  square 
root  ef  the  Jet  pretaare  coefficient,  see  WilltamactaL  (20 1  Ob  aod  2010c). 


Fig.  3  A.  | :  Pulsed  blow  mg  wing's  static  map  of  lift  response  to  pressure  actuation 


To  tdeociiy  dynamic  model*  of  the  wing’*  icspoose  «  aometon.  black-box  system 
identification  method*  are  employed-  Black-box  modeling  requires  measuring  the  system 
i espouse  ao  parodo -random  binary  signal  (FRBS)  step  mputs  ia  pieman  piwirx  The  uqiut  signal 
U  tbe  recorded  desired  pressure*  aad  ll*  output  signal  it  die  change  in  lift  signal  measured  by  the 
fuse*  balance.  Harem  the  change  in  lift  is  defined  as  the  deviation  from  tba  ucsdyKae  Ufi  (hat 
cowopooda  to  actuarson  at  Ac  lower  pressure  level.  One  example  of  the  Input  and  output 
measurement*  la  shown  in  figure  JAZ 


teas  tod  are  Out*  0**  Uaad  to  $, 
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llramj* 


Fig.  3.AJ:  Examplt  of  wgan-oatpui  data  ured  to  obtain  black-box  dynamic  BMdda  of  response  lc 
pressure  actuation.  Datk  lina  shows  ow  of  foe  idantiflad  models 


The  experimeate  were  repeated  at  varying  magaatodm  of  input  pressures  aad  pressures  for 
two  flow  speeds  of  approximately  5  mA  and  7  m/s.  A  family  of  21  linear  black-box  dynamic 
model*  was  idorei find  oatng  the  Frcdicueo- Freer  Method.  First  order  model*  with  a  time  delay  of 
the  form. 


fit  the  date  well,  as  can  be  eeen  in  figure  5.6.2  from  the  comparison  of  tbe  measured  and 
a  significantly  better  fit  of  the  aaperiaaental  data  when  compand  to  models  idem  Cad  to  earlier 

ThlTfrcqooncy  response  of  all  identified  models  <•  shown  «  figure  JA3.  Each  modal  fomily 
identified  for  a  fixed  flow  speed  h  cbaractcrired  by  a  variation  of  parameters  corresponding  to 
tbe  actual  nooiiaar  response  of  ihc  flow  to  (hr  actuation.  Thb  rdaus  also  to  the  nenlmcarity 
seen  la  (he  static  map*  for  the  different  Cow  speeds  shown  la  figure  3 .6. 1 
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3.60.  Modritog  foe  unsteady  serodyaatnfes 


Furthermore  foe  auyerxy  of  the  Modcti  identified  at  die  tower  flew  speed  oft/-  5  m/i  show 
a  smaller  fain  than  the  one*  identified  at  t/«  7  art,  which  is  mostly  dor  to  foe  fact  foal  the  plant 
l  ate  defined  with  respect  to  dimensional  variables.  Thu  to  tun  allow*  for  an  easier 
t.  »ince  the  control  objective  t*  mamly  to  reject  disturbances 


Fig.  1.6.3:  Fripunry  respranu  diagram  of  identified  models  at  Sow  speeds  $  m/x  and  7  m/t.  The 
dashed  line  it  the  nominal  model  found  from  (he  mean  of  the  family  model  parameter*  for  ?  m/t 
To  obtain  a  rational  tramfer  faoctioo  the  time  delay  of  die  nominal  model  la  approximated  by  an 
all -pax  tramfer  function. 


The  winf't  respome  to  a  time  varymf  Imptobml  “gutting"  velocity  k  itaet f  dynamic.  The 
separated  flow  and  the  tow  aspect  ratio  of  the  wing  do  not  lend  foansehrea  to  any  available  theory 
io  a  separate  black -bos  model  b  identified  from  experimental  data  The  lift  response  of  the  wing 
to  sinusoid*)  velocity  input*  at  several  frequencies  b  measured.  The  amplitude  ratio  of  the  lift 
force  to  the  velocity  amplitude  t*  determined  from  the  energy  at  the  fandantceul  frequency  in  the 
power  spectrum.  The  phase  between  the  rooking  Uft  fare*  and  the  velocity,  from  hotwire, 
measurements,  is  determined  from  the  cross  power  spectrum.  Figure  3.6.4  shows  the  reiki  of  the 

the  frequency  of  velocity  fluctuation*..  The  frequency  response  of  the  wing  to  gutting  condition* 
ts  then  used  to  identify  a  black -bon  dynamic  model  The  resulting  model  becomes  the  ditturbaoc* 
model  in  the  control  architecture  tee  below  lot  a  description  of  the  control  architecture.  The  final 
form  of  the  disturbance  model  b  also  thown  m  figure  3  .6.4 


— * 


n  presented  m  fora  paper  heme*  on  achieving  got 


Thcooono  i _ 

at  a  nominal  flow  speed  of  7  m/t.  Therefore,  a  nominal  model  was  found  by  taking  the  a 
only  the  tramfer  functions  identified  at  this  flow  speed  In  order  to  obtain  a  rational  transire 
Auk  lion  dm  dead-time  dement  corresponding  to  the  mean  time  delay  of  $  -  01 57  s  is 
approximated  by  a  third  order  afl-pan  transfer  function  Its  coefficient*  arc  dsacmiacd  baaed  on  a 
least  squares  method  proposed  by  Frankf  1996]  which  nmamaa  the  difference  between  the  slop 
responses  of  the  original  and  the  approximated  transfer  function.  However,  the  approximation 
leads  in  a  deviation  of  foe  phase  for  frequencies  larger  than  about  6  Hx  as  can  be  sees  from  figure 
3.6  J.  Thu  ta  acceptable,  because  the  deviation  lies  well  above  the  frequency  range  of  interest  for 


F*.  3  6.4.  t 


d  of  7m/*.  I 
l  and  (he  solid  line  k 


3.6.3.  Cootrenrr  Architecture  and  Synthesis 

The  main  control  objective  ta  to  maintain  a  Constant  lift  by  suppressing  disturbances  caused  by 

shown  in  figure  3.6 .5.  The  output  yr  of  ihc  plant  mode!  <7,  is  perturbed  by  a  disturbance  y* 
Therefore,  the  actual  lift  force  y  is  measured  and  compared  against  the  reference  value  r.  A  robust 
feedback  controller  Kft)  regulates  the  lift  forec  by  adjusting  the  actuation  pressure />>.  The ctoaed- 
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loop  pan  of  the  control  architecture  provides  set-point  tracking  at  rate  steady-state  error,  which 


Fig.  3  6.3.  Controller  architecture  mod  for  closed  loop  experonena 


Thu  output  dtsturbanM  >v  corresponding  to  a  deviation  of  the  lift  force  is  earned  by 
fluctuation*  in  the  flow  speed  4  »  V  This  represents  the  unsteady  aerodynamics  of  (he  wing  and 
cam  be  modeled  by  foe  black-box  disturbance  model  G*  As  foe  flow  speed  ts  measured  online, 
the  input  4  to  the  disturbance  model  n  known  This  information  can  be  exploited  by  using  a 
r  AToAj.  which  acts  on  foe  plant  taper  a  to  enhance  t 

t  for 

augmented  with  a  dysuunic 
(1W).  h  e  not  shown  ia  Figure  3.6.5 
A  robtsw  11.  feedback  controller  A 

Thu  clowd' loop  control  i 
»i  expenmeass.  (William*,  ct  al.  2) 

here  by  a  feedforward  controller  KM)  f 
priato  foe  loop-shaping  weigtos.  the  mixed' 

ty  ami  performance  of  foe  closed  kwp  for  a 

deviation  of  alt  models  C/i)  within  foe  model 

4  by  a  multiplicative  uncertainty 


y  applied  in  several  active 
«t  *L  1997,  Heinz,  et  al.  2010)  and 
proved  disturbance  i^jcdsu.  By 
uibvity  control  synthesis  guarame 

given  model  fornily.  To  do  so.  foe 
family  Ut  from  foe  nominal  model  GJt) 


Hanm.  foe  model  bsnily  can  be  described  by 

0,5  Gf(4)-G.(,A**,U*M  V. 


C34J) 


wherein  A  gs)  denote*  a  normal  tied  uncertainty  with  a  frequency  dependent  weight  w/t) 
comprising  all  identified  transfer  functions.  Figure  3.6.6a  shows  the  muhxplxativt  unccnaiaiy 
l/*>)  and  foe  magnitude  of  foe  corrrspoodmg  wvight  +/tj  for  foe  family  of  model*  identified  for 
foe  wing.  The  uncertainty  could  be  reduced  hy  inverting  foe  static  map  shown  hi  Figure  3.6.1  fas 
one  fixed  flow  speed  and  using  it  a*  a  prr-compcmawr  to  icwu*  for  foe  steady-state  part  of  for 
noatinearitict.  This  was  examined  in  earlier  experiments  by  foe  author*  but  turned  out  not  to  be 
necessary  in  foe  current  control  design,  stact  the  closed-loop  performance  m  limned  by  foe  time 
delay  of  foe  plant  transfer  function.  Tbs  limitation  will  be  discussed  farther  towanh  foe  end  of 
this  suction. 


To  nine  foe  ooatrolkr  Kft) 
which  is  given  by 


op  rrapuua*  of  fou  nominal  plant. 


wberera  T* * 4  represent*  the  complementary  sensitivity  function  relating  to  trucking  performance  and 
measurement  noise.  5  denotes  foe  sensitivity  function  relating  to  suppression  of  dtftwbaaces 
acting  on  foe  output  of  foe  cWd  loop.  Totally.  S*  can  be  interpreted  at  a  feedforward  sensitivity 
function  (Skogetxad  A  Postlcthwaiu  |00«).  The  sensitivity  ftmcuoa  5  and  foe  complementary 
sensitivity  function  T  are  shaped  by  the  weights  *M)  and  »r<K>.  respectively.  A  third  weight 
wk/t)  K  used  to  put  a  bound  on  foe  control  rflurt  KS  lo  order  to  obtain  foe  controller  a  cost 
functional 
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wAAf.^  eyT  w.«]. 


(3.6J) 


of  7-23nv*» 


has  to  be  minimized,  wherein  K(s)  denote*  (he  optimal  controller.  The  frequency  response  of  die 
closed-loop  matter  function*  with  die  correqxmding  loop-ahaptag  weighs  it  shown  la  figure 
3  6.6b),  Note  that  plant  mode]  was  seated  to  an  input  and  output  variable  range  dunag  the  loop- 
shaping  procem  to  aQov  for  easier  ctswce  of  weight*.  Adjusting  the  weight  wyCA  auch  that 

}r0w)<i4*.(M  (3  Ad) 

•mum  robust  stability  of  the  doacd-toop  for  ail  model*  identified  for  the  (low  speed*  5  mh  and 
7  on.  Note  that  the  magnitude  of  the  ancertahny  u/rj  exceed*  unity  for  fmpxocie*  larger  than 
approximately  2  Hx  Tha  put*  an  upper  bait  on  the  achievable  baodwidth  t»n  with  tcspcci  to  the 
Mt- paint  tacking  performance  However,  figure  36.6b  reveal*  that  the  magnitude  of  dm 
complementary  wmuvity  T  b  atilt  wdl  below  this  limit  Other  limitations  arise  oo  the  one  hand 
from  constraint*  on  the  physically  possible  control  effort,  and  on  the  other  hand  from  the  right 
half-plane  aero*  correspond tng  to  the  approximation  of  the  limb  delay  ft  in  fee  nominal  model  tt 
can  be  shown  that  for  systems  with  time  delay*  the  closed-loop  baodwidth  m  limited  to  be  less 
than  1/9  (Skogesud  A  Posdetbwsifee  19961  Due  to  these  limitations,  a  bandwidth  of  about  e<  * 
17  md/a  or  0.43  Hz  is  achieved  when  jns*  considering  the  feedback  part  of  the  controller,  as  can 
be  seen  from  Figure  3.6.7.  Here,  the  bandwidth  w«  is  defined  aa  tha  frequency  where  the 
Seraarivity  J  crotaes  the  3d8  fine  for  the  first  time  from  bdow  Note  that  the  feedback  controller 
shows  a  worse  performance  than  the  uncontrolled  case  in  a  frequency  band  above  approximately 
0.7  I  lx.  This  can  be  explained  by  the  to  called  second  waterbad  formats.  which  b  based  oo  a 
weighted  sensitivity  integral  It  states  that  reducing  the  sensitivity  of  a  plant  with  tight  hal/  planc 
(RJIP)  ceres  at  low  frequencies  win  cause  a  large  peak  in  the  sensitivity  orer  a  limited  frequency 
range. 

Since  the  input  4  to  dm  disturbance  model  C4  can  be  meawrod  onl  me.  thr  brodwidfe  can  be 
improved  by  using  a  feedforward  controller  Kj>  which  is  calculated  by 

K,-0,6?G,.  (3A7) 

Herein  (7.  denotes  the  adpasa-free  pari  of  the  nominal  plant  model  to  yield  a  stable  invent,  and 
Or  represents  a  feat  first  order  filter  to  render  fee  transfer  function  KjcmatL  Figure  3.6.7  shows 
that  the  feedforward  eontroQcr  increase*  the  bendwifeh  of  fee  controlled  plant  with  respect  to  the 
mearored  disosbaocea  so  about  0.7  IU.  However,  this  comot  at  fee  price  of  increasing  the 
sensitivity  even  timber  at  a  frequency  band  above  approximately  0  J  Hz 


3.4,4.  CaacHUtfen  af  hft  Oactaatfens  m  gutting  (few 

The  performance  of  the  oootrollcr  is  evaluated  by  subjecting  it  to  a  ptexafe-raodom  velocity  signal 
(PRS)  The  voltage  signal  to  fee  shorten  »  constructed  of  pseudo-random  amplinsde  steps 
summed  wife  pseudorandom  amplitude  smusordsl  signals  of  frequencies  less  than  I  Hz  The 
velocity  wpiM  has  a  baodwidth  of  approximately  life  Figure  3  At  a)  shows  the  magnitude  of  tha 
velocity  plotted  against  time,  and  b)  shows  fee  power  spectrum  magnitude  of  (he  velocity  plotted 


against  frequency.  The  velocity  ranges  from  a  minimum  of  6.23m/*  to  a  nuuis 
wife  the  mean  flow  speed  of  69m/*.  The  same  signal  b  repeated  1$  tunes  to  reduce  the 


Fig.  3.6.7  frequency  reiponee  of  the  plant  output  *»  smusoxial  festurbancca  w  die  flow  speed  for 
the  uncontrolled  plant  (blue  line),  fee  feedback  controlled  plant  (green  line)  ami  fee  feedback 
controlled  plant  augmented  by  a  feedforward  disturbance  compensation  (red  line). 


Fig  364.  a)  h 
fee  controller 


frequmevra 
id  b)  power  spectrum  u 
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Tha  controller  b  commanded  to  maintain  a  constant  reference  lift  of  1 JN  during  the  PRS 
experiments.  The  reference  EA  is  above  the  maximum  value  of  the  uncontrolled  lift,  this  was 
done  to  reduce  fee  effect  of  measurement  noise.  Figure  3A9  shows  the  avenged  experimental 
controlled  and  uncontrolled  lift  force  time  scries  along  wife  simulation  results  and  the  desired  lift 
force.  The  sunulstmn  results  are  obtained  using  the  avenged,  experimentally  measured  velocity 
profile  as  an  inpul  to  the  disturbance  model  and  the  same  reference  lift  from  experiment.  The 
resulting  signals  are  passed  through  the  closed  loop  and  feed  forward  duwrfaaoce  eoreroUcrs  and 
the  plant  model  response  to  actuation.  Without  control  fee  lift  reaches  a  minimum  of  J.1N  and  a 
maximum  of  I6N.  Wife  canon!  fee  lift  ranges  from  I  TN  to  I.SSN,  where  fee  minimum  is  from  a 
point  where  fee  actuator  input  is  saturated  and  the  required  change  in  Eft  exceed*  the  maximum 
possible  value 
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Fig  3.6  *  Phare  averaged  controlled  and  uncontrolled  lift  time  series  and  comparison  wife 
modest)  (disturbance  model  ta  uncontrolled  case  and  plant  model,  disturbance  model  and 
controllers  in  controlled  creek 


Figure  3  6.10  shows  fee  power  spectrum  magnitude  of  the  controlled  and  uncontrolled  lift 
fluctuation*  plotted  against  frequency.  Fifteen  record*  of  fee  length  of  an  entire  period  of  tha 
pseudo-random  velocity  signal  are  used  in  calculating  the  power  spectrum  grvmg  an  uncertainty 
in  fee  peaks  in  fee  spectrum  of  less  than  26%  and  a  frequency  resolution  of  approximately 
0.01Hz 

The  sunolatieo  results,  shown  in  figure  3.63.  agree  weft  wife  tha  experimental  retutu 


captured  weft  by  fee  linear,  black  box.  models  even  though  fee  underlying  process  is  highly 
complex  and  nonlinear  The  black-box  models  reduce  fee  infinite  dimensional  system  from  the 
solution  of  the  Nevier-Stokcs  egusnons  to  a  single  input-single  output  system  (SCO)  This  also 

n  and  the  response  to  tha  time 


Fig  3.6. 1(h  I 


of  fluctuating  Eft  force  during  controlled  and 


The  controller  is  e 
(6  0.0*),  but  begins  to  amplify  d 


a  at  tew  frequencies,  lass  dun  -At  Hx 
r  this  frequency  The  Bode  integral  formula 


o  over  some  frequency  band  b  accompanied  by  noise  amplification 
over  tome  other  frequency  band  for  system*  wife  a  pole  excess  of  at  least  two-  Ideally  feb  range 
of  frequency  amplification  would  occur  at  frequencies  mo  fast  for  the  plant  to  respond  at,  but  for 
system*  wife  RJIP  zeros  more  severe  limitations  apply  A  weighted  sensitivity  integral  shows  that 
fee  amplification  of  disturbance*  mass  occur  over  a  touted  frequency  range.  Because  of  the  lima 
delay  present  in  the  plant  modeling  which  can  be  approsiosted  by  an  all-pros  transfer  fonctron 
containing  RHP  aero*  and  fee  doturbroce  model  feb  amplification  occurs  from  -tils  (bA  09)  to 
-36Hx  (*-0.5).  The  sensitivity  of  fee  iwo-degre*  of  freedom  controller  used  in  experiment  b 
given  by  SS„  (Skogmud  A  Postlctfawanc  1996)  The  controller  is  capable  of  suppressing 
disturbances  wbere  fee  overall  sensitivity  b  below  I  (QdB)  and  dfotubances  are  amplified  when 
the  overall  sensitivity  b  grosser  than  1  Figure  3A.7  shows  fee  overall  sensitivity  of  fee  nodded 
plant  and  disturbance  and  the  point  where  fee  overall  sensitivity  creeses  I  from  bdowfo  near  t  Hz 


of  lift  Due  curt  ions  (shown  in  figure  3.6. 10)  whore  fee  controlled  disturbance*  are  aanpiified  over 
the  uncontrolled  fluctuations,  again  sugfcsring  feat  the  Enow  models  capture  the  dynamics  well 
The  nominal  usne  delay  from  desired  pressure  input  to  jet  velocity  b  0.023  seconds  (/**©.*) 
while  fee  nominal  lime  delay  from  desired  pressure  In  lift  increase  b  0.137  seconds  </‘*5), 
suggesting  a  time  delay  from  jet  velocity  to  fee  Adiaoon  of  Eft  increase  of  f  Tha  b  believed 

to  be  due  to  the  time  for  a  disturbance  oaoed  from  fee  actuator*  to  roll  up  and  cxwvcct  over  fee 
wing  This  method  of  actuation  does  not  show  fee  initial  decrease  in  norma]  force,  circulation  or 
Eft  aa  seen  by  Ourabi  A  Wygnarulu  (2004),  Bonrowtki  A  Gtcao<2006).  or  WiQiama,  ct 
aU2009a).  This  b  believed  to  be  duMn  the  first  order  model  behavior  of  fee  jet  velocity  obtained 
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whik 


k  and  of  the  wing-IT  jV„  -  0  025  &  There  are 


dccmii  kt  k<L  This  fluid  dynamic  time  ddsy  umiti  (he  bandwidth  of  possible  control,  u 
discussed  above. 

The  reiauveiy  low  bwsdwidth  of  the  pressure  regulator  sad  the  umc  delay  bcnom  step  inputs 
of  desired  pmsn  to  jet  vetooty  ones  the  question.  if  a  baler  actuatoc  is  used  would  (he 
bandwidth  of  control  be  increased?  Comparisons  with  a  ncro-oct-mass-flux  (ZNMF)  wing 
described  In  (he  next  Section  3.7)  with  piezoelectric  actuators  shows  negligible  tiro*  delay 
bn  wm  •  dnoed  input  signal  and  measured  output  of  jot  velocity  Consequently,  the  jet  velocity 
bandwidth  of  the  pwamdcctnc  aesuaton  is  an  order  of  magnstude  larger  than  the  puiwd -blowing 
smog's  jet  velocity.  The  ZNMF  siring  does  show  the  initial  dtaowt  m  til)  (non-minimum  phase 
behavior  1  as  observed  by  other  investigators.  The  non  minimum  phase  behavior  implies  a  light 
half  plane  (R1IP)  WO  la  the  transfer  function.  A  Ml P  aero  imposes  control  liimuuxn  at  either 
lew  or  high  frequencies  One  can  achieve  tight  control  at  frequencies  below  approximately  X 
where  s  Is  the  magnitude  of  the  RHP-aero  or  at  frequencies  above  Ir  by  revernng  the  sign  of  the 
con  trotter  gam.  Black-box  models  of  PRBS  voltage  inputs  to  the  piezoelectric  actuators,  which 
agree  well  with  measured  data,  show  a  peak  undershoot  at  t'«l-2  and  have  a  RHP-zero  located  at 
163  (Ouach  ct  aL  2010k  This  rero  implies  the  ability  to  achieve  control  beiow/bl MU  (Mkl2) 
or  control  above  Jfr5  )Kx  <Jh-0  4t\  which  is  comparable  to  the  regwn  where  disturbances  ate 


Outer  actuators,  the  rxmte  of  /retfeen.  a  of  pomthie  control  it  United  *y  dte  flutd  dynamic 

The  ffrsi  order  models  with  a  tunc  delay  fit  the  measured  data  much  better  dun  the  previous 
modeling  with  (ini  order  models,  Williams,  ct  si.  (2010a).  The  improved  modeling  leads  to  a 
better  agreement  between  experiment  and  theory.  The  range  of  frequencies  of  the  current 
controller  «  increased  over  the  range  in  Williams,  ct  al.  (2010a).  This  is  on  the  one  hand  due  to 
dbe  Hwtfpwf—ion  of  an  saaesdy  aarodytsanuc  model'  pd  the  feedforward  disturbance 


5.7.  PfezMiectric  actuated  Wlng-It 

To  achieve  higher  bandwidth  from  the  actuators  a  second  scmi-eJrcutar  wing  was  coostructcd  that 
used  xaro-ne t-man  (pieao-elecinc)  actuation.  The  wuig-ll  model  containing  I  picxo-eiccthc 
actuators  with  16  exit  porta  is  shown  in  figure  3.7.1.  h  has  the  same  pUnform  and  dunesmoos  aa 
the  semi-circular  wmg  that  used  pa  bed- blowing  actuation.  Suite  the  actuation  effect  it  based  on 
the  volume  displacement  of  the  ptezo-doctne  oscillation,  it  does  not  need  an  external  regulated 
pressure  supply  to  operate,  which  reduces  actuator  tone  delays,  weight,  and  mechanical 
complexity  k  oontaiax  eight  presedertnc  devices  that  operate  at  a  resonance  frequency  t  -  320 
Ha  At  peak  velocity,  the  actuators  can  output  ;cu  of  air  at  velocity  higher  than  20  mdk.  Wing-Il 
has  a  higher  bandwidth  in  operating  frequency  than  (hr  putted  blowing  wing,  referred  to  as  wing- 
l  The  wing -I  bandwidth  is  limited  by  the  response  of  the  pressure  regulator  and  the  tubing 
leading  cumpreased  air  into  the  wing,  and  three  do  not  exist  in  the  wiag-H 

The  lift  response  of  die  wing-1  and  wing-If  to  a  wnglr  puke  input  from  the  actuator  are 
described  in  (hit  auction.  Unites  othcrwuc  noted,  the  shtglo-pulae  time  of  the  wing-1  Aim  »  0.017 


Fig,  3.7.1  (A.  left)  View  of  the  dixaasemblcd  wrng-1  with  the  plenum  cover  plait  removed.  The 
16  micro  valve  actuators  can  be  seen  petitioned  radially  along  (he  circular  leading  edge  (B, 
right).  Bottom  view  of  the  shng-11  with  the  6  synthetic  jet  actuators. 


The  data  in  figure  3.7.2a  shows  the  lift  response  of  the  wk*l  to  a  tingle  pubc  input 
Juttahanc*  at  different  angles  of  attack  varying  from  12  deg  to  20  deg  The  free  stream  speed 
» the  tunnel  test  section  and  the  supplied  pressure  inside  the  wing  were  set  al  5  nVs  and  34  3  kfta 
($psi)  respectively  At  a  -  12  deg  and  a  14  deg.  still  in  the  attached  flow  region,  the  stogie 
pulse  input  disturbance  docs  not  generate  soy  lift  increase  Oa  the  other  hand,  at  «  -  16  deg  and 
above,  the  flow  around  the  sexai-ctreular  wing  is  fuOy  Walled.  and  (he  same  disturbance  creates  a 
positive  change  in  lift. 

In  figure  3.7.2b,  die  lift  response  of  the  wing-IT  to  a  single  pulse  input  disturbance  at  different 
angles  of  attack  is  shown.  Similar  to  the  lift  response  of  the  wmg-1.  when  thr  flow  over  the  wing 
b  not  repented  the  momentum  from  the  ZNMF  jets  docs  not  generate  any  gam  m  bft  from  die 
steady  slaw.  In  addition,  «  the  pre-suOcd  angles  of  attack,  n  •  14  dbg  vs.  a  •  12  deg  for  the 
ving-I  and  wing-H  respectively,  the  flow  above  (he  wmgs  is  very  aonsiuve  to  dw  actuator  input* 
The  single  pulse  disturbance  in  bet  causes  separation  for  a  short  moment,  and  that  lends  to  (he  left 

Fowbty  due  to  small  differences  m  the  leading  edge  design,  the  ZNMF  wmg  stalk  at  a  •  14 
deg  and  above,  whereas  the  previous  wmg  model  stalls  ala  -  16  deg  and  above  The  lift  response 
at  each  angle  of  attack  is  different.  but  in  general  the  two  wings  behave  in  a  vary  similar  manner 
to  the  Single  poke  input  disturbance.  The  lift  response  fir*  increase!  then  decreases  aa  (he  angle 
of  attack  moves  further  into  the  deeply  stalled  regime. 

The  change  m  lift  cocfKcrenl  of  the  wing  1  and  wmg- 11  ala  -20  deg  has  been  normal  wed  by 
its  maximum  value  and  shown  in  figure  3.75.  The  two  curves  have  similar  trend  although  the 
respooM  of  the  wiog-11  at  a  -  20  deg  b  quicker  than  die  response  of  the  wing-1.  The  non- 
minimum  phase  behavior  is  observed  for  both  curves.  It  occurs  at  (♦  *  0.64  for  wmg- II  and  t*  — 
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1-3)  for  wmg-t  The  rcaponae  of  wing-11  also  achieves  its  maximum  value,  at  r*  -  2.46.  barer 
than  the  wing- 1,  M  «♦  *  3.0) . 


3 JR.  Summary 

The  flow  physics  of  controlling  barfing  edge  vortices  for  lime-varying  bft  n 
expect  ratio  wings  was  explored  experimentally  in  an  unsteady  flow  rood  tunnel  al  ITT.  The 
effect  of  actuator  configuration  on  leading  edge  vortex  t 


and  semi-circular  ptanform  wings.  The  ability  to  stabilise  the  LEV  was  determined  to  be  moat 
effective  with  the  ten 

Transient  force  a 

used  to  obtxia  linear  models  of  the  separated  flow  or  ‘plant.’  Surface  prereure  and  pharo- 
averaged  F1V  measurements  identified  a  strong  vertex  that  convert*  at  a  relatively  slow  speed 
over  the  surface  of  the  wing  was  foamed  by  the  actuator  pube.  and  is  rapoosiMe  for  dw  time 
delay  to  actuation  A  number  of  important  ebrermtrons  muted  from  these  stodie*.  1)  Tire 
fundamental  fluctuating  lift  fore*  frequency.  St  •  02.  leaks  with  the  projected  chord  of  the  wmg 
when  the  wing  is  stalled.  2)  An  initial  lift  reversal  and  corresponding  time  delay  occurs  when  the 
actuator  tames  a  single  pube  disturbance  31  The  lift  coefficient  increment  scales  with  the  square 
roes  «f  the  actuator  pressure  coefficient,  or  equivalently  the  maximum  actuator  .jet  velocity 
oorawiieed  by  the  frrextrenm  speed.  4)  The  transient  Eft  response  to  a  pub*  input  can  be  used  as 
a  Alter  kernel  to  predict  the  response  of  the  wmg  to  more  complex  actuator  input  signals.  Thu 
understanding  allowed  dw  development  of  closed- loop  control  architecture*  for  enhanced 
maneuverability  and  gust  supprewor  studies. 

Closed-loop  centred  of  die  lending  edge  vortex  was  toed  to  modulate  die  lift  force  m  aa 
unsteady  flow  (reesVcaro  that  simulated  a  'gutting'  flow  cavuoanwat  created  by  the  unsteady 
flow  wind  tunnel  The  limitation*  of  a  ‘quast-ttcady’  approach  to  flow  control  were  quickly 
realized  and  effort*  concentrated  on  understanding  how  flow  control  should  be  done  in  an 


suppression  bandwidth.  It  was  determined  that  model*  for  the  plant  and  the  unsteady 
aerodynamic  response  of  the  wing  were  necessary  for  effective  control  However,  control 
architecture*  based  on  lift  as  a  feedback  wgnal  were  bandwidth  limited  by  the  Umc-ddny  in  (be 
response  to  actuation  aa  described  m  the  preceding  paragraph  The  ’.imitation  on  bandwidth  is 
independent  of  the  type  of  actuator  used,  because  the  ttmc  delay  originate*  from  the  LEV 
formation  and  convection  time.  To  circumvent  the  limitation  will  require  different  control 
architecture*  that  act  on  a  fluid  dynamic  tone  scale,  pomibly  at  the  lord  of  insiabilitws  in  the 
separated  sheer  layer 
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4  Simulation,  modeling,  and  control  tools 

4.1  Immersed  boundary  method 

A  new  formulation  of  the  immersed  boundary  method  with  a  structure  algebraically  Identical  to  the  tra¬ 
ditional  fractional  stop  method  is  presented  for  incompressible  flow  over  bodies  with  prescribed  surface 
motion.  Like  previous  method*,  a  boundary  force  a  applied  at  the  immersed  surface  to  satisfy  the  oo-tbf 
constraint.  This  extra  constraint  can  be  added  to  the  incornprereibte  NmcrSbilo  equation*  by  introducing 
regulanzatioc  and  mtetpoUuon  operator*.  The  current  method  gives  prominence  to  the  role  of  the  boundary 
force  acting  aa  a  Lagrange  multiplier  to  satisfy  the  no-slip  condition.  This  role  is  analogous  to  the  effect  of 
premure  or  the  momentum  equation  to  satisfy  the  divergence- free  constraint  The  cuwtat  immersed  bound¬ 
ary  method  removes  slip  and  noo-driogcncc-frec  components  of  the  velocity  field  through  a  projection  The 
boundary  force  is  determined  implicitly  without  any  constitutive  rclatKmt  allowing  (he  present  formulation 
to  use  larger  CFL  numbers  compared  to  some  past  methods  Symmetry  and  poit ti\ o<Jcfuutene*i  of  the 
mtent  are  preserved  such  that  the  ooopigaie  gradient  method  can  be  used  to  solve  for  the  flow  field.  Exam¬ 
ples  dmw  that  foe  current  formulation  achieves  second-order  temporal  accuracy  and  better  than  first-order 
spatial  accuracy  in  Lj -norms  for  one-  and  two-dimensional  101  problems  Remits  front  two-dimensional 
sunuWl khu  of  flows  over  stationary  and  moving  cylinders  are  to  good  agreement  with  (hose  from  previous 
experimental  and  numerical  studies. 


4  1.1  Background 

Immersed  boundary  method*  have  gained  popularity  for  thou  ability  to  handle  moving  or  deforming 

bodies  with  complex  surface  geometry  (Pedaa  2002.  Mittal  ft  {accarmo  2005k  Pcska  (19723  first  intro¬ 
duced  (he  method  by  describing  the  flow  field  with  an  Eidenan  discretization  and  representing  the  immeraad 
surface  wuh  a  act  of  Lagrangian  points  The  Eulcnan  grid  a  nut  required  to  conform  to  the  body  geome¬ 
try  as  foe  no- slip  boundary  coadiuon  *  enforced  at  the  Lagrangian  potato  by  adding  appropriate  boundary 
forces.  The  boundary  forces  that  exist  aa  singular  function*  along  foe  surface  in  the  continuous  equations  are 
described  by  discrete  delta  functions  that  smear  (regularise)  the  forcing  effect  over  the  neighboring  Eulcnan 
ceil*. 

Pcakin  originally  wed  the  HIM  to  simulant  blood  flow  made  •  heart  with  flexible  valve*,  where  foe 
forcing  ftatctkm  was  computed  by  Hooke's  law  (Pmkin  19721  This  technique  was  later  extended  to  rigid 
bodies  by  taking  the  spring  constant  be  •  large  value  (Beyer  foLcVoque  1992,  Lai  it  Pmkin  2000).  Goldstein 
c<  al.  (1993)  applied  the  concept  of  feedback  control  to  compute  the  force  on  the  ngid  immersed  surface 
The  difference  between  foe  velocity  solution  and  foe  boundary  velocity  la  used  in  a  proportional  -mieyal 
controller  For  foe  aforementioned  techniques  to  model  flow  over  ngid  bodies  foe  choice  of  gam  (tfeffhcto) 
remains  mi  hoe  and  large  gain  results  in  sti/T  equations.  Our  intention  is  to  remove  at]  timing  parameters 
and  formulate  foe  IBM  in  a  general  framework  for  rigid  bodies  (as  well  a  bodies  with  prescribed  surface 
morion). 

In  our  formulation,  »e  treat  foe  boundary  forces  tt  ■  manner  analogous  to  foe  discrcrincd  pressure.  For 
the  incompressible  Navier-Stokn  equations,  pressure  may  be  viewed  as  a  Lagrange  multiplier  required  to 
satisfy  the  divergence- free  constraint.  Similarly,  boundary  forces  can  be  regarded  as  Lagrange  multiplier! 
foal  satisfy  foe  no-*iip  constraint  (Qowimki  «  al.  1998).  By  mtroducmg  rcgulanzatwa  and  mtetpolarioo 
operators  and  grouping  foe  preuure  and  force  unknowns  together,  foe  discretund  meorepres  Me  Nasser* 
Stokes  equations  can  in  fact  be  formulated  with  a  structure  algebraically  Identical  to  the  traditional  fractional 
step  method.  Although  previous  research  baa  implemented  immersed  boundary  techniques  with  the  tradi¬ 


tional  fractional  step  algorithm,  the  entire  IBM  itadf  has  not  been  regarded  as  a  fractional  step  (protection) 
method,  as  imported  here  We  follow  for  algebraic  approach  of  Perot  Perot  ( 1993),  whore  foe  fractional  step 
method  «  written  as  a  biock-LU  decomposition. 

In  the  next  section,  we  review  foe  traditional  fractional  step  method  as  it  is  foe  fundamental  basis  for  out 
IBM.  In  Section  3,  we  tnuoducc  foe  immersed  boundary  protection  method.  This  formulation  (s  compared 
to  previous  methods  in  Section  *;  namely  the  ongjml  IBM  (Fokin  1972),  (he  duect  forcing  method  (Mohd- 
Yousuf  1997),  foe  unmened  interface  method  (l)\f)  (Lee  ft  LcVcquc  2003  k  and  foe  dinnbuted  Lagrange 
multiplier  (DLM)  method  (Glowimdu  et  aL  1998).  In  SectsooS,  numerical  examples  are  considered  to  ntsra 
the  temporal  and  spatial  accuracy  of  the  current  method.  Flows  over  stationary  and  moving  cylinders  are 
simulated  and  results  are  compared  to  previous  experimental  and  numerical  studies.  Section  6  n—nuiTCi 
foe  cunts*  formularioo. 


4.14  The  frsctional  Step  Method 

We  consider  foe  incompressible  Navicr -Stokes  equations 

V. --?/,+ J-V1..  (4.1.1) 

V  «-0.  (4.1.2) 


where  a,  p,  and  R*  are  foe  suitably  oon-dimcnuanalized  velocity  vector,  pressure,  and  foe  Reynolds  num¬ 
ber.  respectively.  Following  reference*  (Oborin  1968.  Temaro  1969,  Kim  ft  Mom  1985.  Perot  1993,  Chang 
M  aL  2002),  fox  equation*  are  ducretursd  with  a  ttaggmid-meih  fixate  volume  formulation  using  foe  im¬ 
plicit  Crank- Voobon  (CN)  integration  for  foe  viscous  terms  and  foe  explicit  second-order  Adams-Baahforfo 
(AR2)  scheme  for  foe  convective  term*  This  produce*  an  algebraic  system  of  equations. 


l;  jko-gms). 


(4.1.3) 


where  f*‘ 1  and  #  are  foe  diacreored  velocity  flux  and  pressure  vector*.  The  discrete  velocity  can  be  recov¬ 
ered  by  a'*  1  xrh*«*  is  a  diagonal  matrix  dial  transforms  foe  discrete  velocity  into  foe  velocity 

flux,  fidb-moinccs  C  mod  D  con  repood  to  the  discrete  gradient  met  divergence  operators,  respectively  The 
operator  resulting  from  foe  implicit  velocity  letm  is  A  *  ^-Af  -  if,  where  Af  is  the  (diagonal)  bum  ma¬ 
trix  and  L  is  the  discrete  (vector)  Laplaciaa,  W«  cons  truer  the  LapLseian  to  be  rymmeinc,  hence  making 
A  symmetric  as  well  The  right-hand  side  of  Eq.  (4.1,3)  consists  of  the  explicit  terms  from  foe  mometman 
equation,  r*.  and  mhomogencuus  toons  from  foe  boundary  condition,  hci  and  hey.  Details  oo  the  discretua 
Lon  of  Eq*  (4  1. 1 )  and  (4. )  .2)  can  be  found  in  Perot  (1993)  and  Chang  et  *1.(2002).  li  » interesting  to  note 
that  C  m  -Dr  for  the  staggered  grid  formulation 

The  traditional  fractional  ssep  method  by  Chora  (1 9ft*)  and  Ttaam  (1969)  was  ntooduccd  to  solve 
Eq  (4. 1 J)  m  an  efficient  rrwnocr  by  tsung  an  approximation  for  4**  In  foe  present  analysis,  we  adopt  foe 
observation  made  by  Para  (1993)  that  foe  fractional  step  method  can  be  regarded  as  an  LU  decomposition 
ofEq  (4.1  Jk 

^  7]  (T)-©*CSM-*rn  ™ 


where  8"  is  foe  .V-th  urdcr  Taylor  series  expansion  of  A  *: 

a  '»y'.fr/jru£l(Ar,i)Art*  *^r(Ar,L^',v  ‘ 

*  A,;  C4.1J) 

-Z~rT<>r'Lr'*r'' 

/-i 

The  last  term  in  Eq  (4. 1 .4)  is  foe  leading  order  ctror  faulting  from  foe  tnmcarioq  in  ft*  Lot  os  note  that 
ft*  is  symmetric  and  can  be  made  poutr-c-dcfmstc  with  appropriate  choice*  of  A/  and  N  (Perot  1993).  In 
flic  currant  situation,  there  also  exists  a  second -order  temporal  docreiuauoo  error  from  the  AB2  and  CN 
methods.  A*  direussed  in  Perot  (1993k  the  fractional  step  error  can  bo  absorbed  by  (he  discrete  pressure  if 
LAC 1  and  G  are  commutative  (for  example,  in  foe  case  of  periodic  domain*);  otherwise  there  remains  an 
V-th  order  error. 

Equation  (4. 1 .4)  is  more  commonly  written  in  three  nepc 


Al'mf  +  bc,, 

(Solve  for  intermediate  velocity) 

(4  1.6) 

<?Bl'GfmGri'+bc3. 

(Soltu  the  Fouaoo  eqoatioo) 

(4.IT) 

(Projection  step) 

(4.1.8) 

Since  bods  A  and  G1  B^G  an  symmetric  poulrve-tfcfinue  matrices.  the  conjugate  gradient  method  can  he 
atifoed  to  solve  the  above  momentum  and  Posssun  equation*  m  sn  efficient  manner  la  general,  for  nno- 
ryntmecric  nanen,  various  other  Krylov  solvers  can  be  employed. 

Herr  the  discrete  preourc  is  denoted  by  fl  without  any  rupersenp!  for  its  time  level  ax  we  regard  pressure 
aa  a  Lagrange  multiplier  (Chang  et  al  2002k  There  has  been  extensive  discussion  on  foe  exact  tune  level 
of  foe  discrete  pressure  variable  for  various  treatment*  of  pressure  m  fractional  step  methods  (Strikweida  A 
Lee  1999.  Brown  et  *1  2001k  For  the  prevent  method,  #  is  a  first-order  accurate  approximation  of  preswae 
in  time,  vis.  Since  the  first-order  accurscs  of  0  does  ora  affect  the  temporal  accuracy  of  the  velocity 

variable  (Perot  1993k  we  use  #  as  a  simple  representation  of  the  pressure  variable,  tfanecood-ordcr  accurate 
pressure  «  hared,  Brown  et  aL  (2001)  should  be  referred  to  for  farther  etodifrcaticos  to  (be  fractional  step 
method 

Although  a  detailed  stability  analysis  is  not  offered  in  (his  paper,  wc  demonstrate  that  the  present  method 
described  in  foe  next  section  can  stably  solve  Cor  the  Sow  field  for  CFL  numbers  up  to  I.  as  shown  m  Section 
5.  Wr  mention  foal  fractional  stop  methods  for  attoaprmaibi*  flow  can  suffer  numeric*]  matabditv  if  Bt 
is  decreased  arbitrarily  (Gumnood  4k  Quartapcfle  199*).  The  time  stop  n  limited  by  a  lower  bound  of 
A/  J  rAri  1  if  equal  orders  of  interpolation  are  used  for  velocity  md  pressure,  a*  in  the  present  case  (c  is  a 
cuostant  and  /  is  the  totcrpoUtioa  order  of  velocity.  here  I «  2).  While  remedies  are  offered  in  Guermond 
4k  Quartapcttc  (1998)  and  Codina  (2001).  wr  have  not  urilixcd  than  here  since  a  much  larger  As  is  usually 
rriccsod  based  oo  the  CFL  constrain*. 

Wc  note  In  pawing  that  foe  form  of  Eq.  (4.1  J)  b  known  aa  foe  Kan  fo  Kuhn  Tucker  (KKT)  system 
that  appears  In  constrained  optimization  problems  (Noccdal  ft  Wright  1999k  This  fyttem  aummiaes  a  tom 
tauular  to  foe  kinetic  energy; 

min  i«*,)r4^,-(4**,)V**Ci)]  object »  Dq-'-OmAc?.  (4.19) 

It  k  iutorreung  that  foe  discrete  pressure  4  does  not  play  a  direct  role  « time  advancement,  bur  act*  as  a  set  of 
Lagrangr  multipliers  to  minimin  foe  system  energy  and  satisfy  the  lunematk  constrain  of  divergence-bee 
vclooity  field. 


4.14  lffisarnrd  Boundary  PrajectUa  Method 

The  Discretized  Navier  Stokes  equations  with  boundary  force  Since  the  discretized  Navicr-Stokc* 
rquanraw.  Eq  (4. 1  3k  are  observed  to  be  a  KKT  system  with  pressure  acting  as  a  set  of  Lagrange  nut 
uphers  to  stetsfy  the  oootiauity  constraint,  ooe  can  uruginn  append^  additional  algebraic  constraint!  by 
increasing  the  number  of  Lagrange  multipliers.  Hence  we  incorporate  the  no-slip  constraint  (tom  the  tBM 
into  the  fractional  step  framework. 

The  IBM  Mtroduxa  a  set  of  Lagranguo  points.  (*,  Out  represent  foe  surface.  i&,  of  an  immerred 
object,  id.  within  a  computational  domain.  9.  whore  geometry  need  nut  conform  to  foe  undertying  spatial 
grid.  Al  foe  Lagrangian  points,  appropriate  aurihe*  forces,  U  are  applied  to  enforce  the  no  slip  condition 
along  Figure  4.  IJilhtstrtocs  the  setup  of  the  qiatud  discretisation.  Since  foe  location  of  the  Lagrangian 
boundary  points  docs  ora  nansaSy  coincide  with  the  tmderiytag  qsarial  diveretintioa,  two  operators  are 
required:  out  that  passes  information  (torn  the  boundary  points  to  the  neighboring  staggered  gnd  poma  and 
anorhs  cate  that  conveys  teformsuoo  m  (he  opposite  direct  ton. 
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Figure  4  1.1;  Staggered  gnd  discretization  of  a  rwtMinncosiooal  computational  domain  9  and  immersed 
boundary  fonnuiatioo  for  a  body  Jd  deputed  by  a  foadcd  object.  The  horizontal  and  vertical  arrow*  (-.,  f ) 
represent  the  discrete  mt  and  v,  velocities  locations.  respectively  Picmwc  p  ia  positioned  at  (he  center  of 
each edl  {*  l  Ugrangiao  point*.  {,  'ir.TJrJ.  along  ij* are  shown  with  filled  squares  (■)  when:  boundary 
totcer  (,  -  {/.*,/>*)  "*  «Pf*Mri  (~.n 


We  consider  the  continuous  version  of  the  incompreaaibk  Navier-SuAet  equations  and  explain  how  the 
IM  cm  be  dtacmuwd  into  a  KKT  system  and  solved  wuh  a  fracuoasi  stepprcjcctioo  algorithm.  Tbrm- 
•  with  a  boundary  force,  Land  foetus-dip  cartoon  cm  be  emsudesud 

•  analog  of  (he  IBM 

(41.10) 

Vu-0,  (41.11) 

(*.1*12) 


-  j[  ■(■)*(»  -  m^.0). 


where  a  «  9  and  ((*,/)  «  i#  The  boundary  <?:d,  panmetruxd  by  a,  ia  allowed  to  owe*  at  a  v 
o#<4(r./)).  ComoluttoM  with  the  Dirac  dcha  function  6  are  mod  to  allow  the  exchange  of  infonnaUon 
bum  ijt  to  9  and  Wfce  vwsu  ia  Eqa.  (4. 1 .10)  and  (4  1.12),  wspectivcfy 


(41.13) 


oi 

F  0 


where /f/ compand*  to  the  last  term  u>  Eq.  (4  I  10)  with  /  —  Similar  to  the  dracirte  pressure, 

we  do  net  place  a  mpcnonpt  for  time  level  on  /  to  cmph—ize  wiokMi  Lagrange  multiplier.  The  ao-sbp 
eotuftOou,  Eq.  (4  I  121  »  enforced  using  the  constraint,  —  nj**  Here  A,  C,  and  D  arc  the  impbed 
operator  for  (hr  velocity  flux,  the  discrete  gradient  operator,  and  the  discrete  dvugme  operator,  rupee- 
treefy  at* /*  feu  Md  fey  arc  foe  explicit  (era*  ill  foe  b 


rcaahmg  flam  the  Laptocmn  operator,  and  the  botmdary  eonddkm  vector  gcacrared  from  the  dtvcrgaacc 
operMor,  respectively  Note  that  there  uib-roatncci  and  vectors  U.  G.  D.  r*.  fej.  and  fei)  are  tdcnucal  to 
tho«c  that  appear  in  the  traditional  fractional  rtep  method.  Eq.  (41 J). 

The  two  additional  sub- memo—  H  and  £  an  traduced  to  ragnlsnrc  (anar)  the  unguiar  boundary 
force  over  a  few  cell*  and  interpolate  retocuy  values  defined  on  for  staggered  gnd  oeto  the  Lagnsqoan 
potato,  rwpccOvdy  Wv  will  refer  to  there  sub-matriccs  as  n/fttian-atUm  (AT)  and  utrrpoJatio*  opera 


discrete  delta  (Unction.  Among  the  variety  of  discrete  della  (Unctions  available,  we  choose  to  me  the  one  by 
Roma  at  aL  (1999)  which  tt  qiccrficallv  drained  for  use  on  staggered  grids  (whan  ovenfodd  de-eoopi  gq 


Ad 


is  5~*£-\/-3(1-£):'*-,j 

is  4*1] 


for  0  SAr<|rJS  IJAr. 
for  r.SOJAr 


(41J4) 


where  Arts  the  cell  width  of  the  staggered  grid  in  the  r-dircctx*;  This  foaocte  delta  fttnrtion  a  supported 
over  only  three  cells,  which  ia  an  atfre—pr  for  ooraputatwnal  efficiency.  W*  have  not  found  npmficarH 
differences  in  the  results  for  the  current  formulation  with  ahemnuve  discrete  drtta  ftmctiotu  References 
Ptskin  (2002k  Beyer  &  LcNfoque(  1 992)  may  be  consuhod  for  a  variety  of  delta  funcdocm. 

As  observed  by  Prakui  Prakin  (1972)  and  Beyer  and  LeVcquc  Beyer  A  LeVcque  (1992).  discrete  delta 
funcoona  can  be  used  both  for  rccularixation  and  mterpolatioo.  The  interpolation  operator  can  be  derived 
from  dnoetxzsnf  the  convolution  of  n  and  6. 


■(*)$(» 

i»  «  AxAyXM*  -  &  r>  “  Hi) 


(41.15) 


(41.16) 


for  foe  two-drinenucaal  ease,  where  m,  w  foe  ihancsr  velocity  vector  defined  on  foe  staggered  gnd  C*hTi) 
and  <*i  ia  the  discrete  boundary  velocity  at  the  4  th  Lagrangian  point  ({*,  ff»Y  For  the  three -dimcnnJOftol 
cbm  M  extra  factor  of  Aarf(ij  &)  “  needed.  Letting  a  denote  the  (actor  preceding  the  summation,  foe 
*  for  Eq.  (4  I  1 4)  can  be  written  ac 


£*j  *  ouft*i  -  b)Ay>  -  It}* 


(4.117) 


(41.11) 


where  £  m  £X  1  In  allow  for  uac  of  for  font,  1  *  RtT  \  Rom  foe  ftactional^tcp  foreautarion.  Thelut 
is  med  to  represent  foe  original  operator  and  la  removed  once  a  transformation  (e.g  R  1 )  is  q 


SO 


Similarly,  foe  regular 
pamm  information  Rom 
ie a  manner  aimJat  toff,  we obtwn 


e  to  adiactete  version  of  foe  ooovohitioo  operator  in  Eq.  (4.1.10)  that 
ud  gnd  points,  v  Defining  H 


(41.19) 


Where  p  is  foe  numerical  intonation  factor  proportional  to  dtr.  Note  that  a  diagonal  matrix  AST  to  included  for 
consistency  with  the  fractional  step  formulation,  ft  should  be  observed  foal  £  and  If  are  symmetric  up  to  a 
conetoot  if  foe  diagonal  matrices*  1  aod  areabsem. 

Non.  iat  ua  achicm  symmetry  between  foe  (3,1)  and  ( I J)  Modi  entries  in  foe  preaence  of  ff  'nadAm 

Eq.  (41.13).  S 


foecing  (bnction /that  aatidlcs 

/#/--£  7  (4120) 

The  original  boundary  force  out  be  retrieved  by  /  -  mv(£Af)££r/  In  foe  care  or  using  a  uniform 

Caiteaian  gnd  with  Ax  m  Ay.  foe  relation  simptifrea  to/-  j^rf/ 

The  dtscresr  delta  ftmmon  of  Eq.  (41  14)  currently  require*  foe  uac  of  a  unifons  grid  m  foe  viciflity 
nf  dJf  *o  satisfy  a  snt  of  properties  moment  comSriana  (Roma  ct  aL  1999).  Since  foe  range  and  domain  of 
£  and  H  are  only  limited  to  foe  neighborhood  of  non -uniform  discretization  can  still  be  applied  away 

ly  Although  it  »s  not  pursued  here,  it  would  be  mternting  to  generate  discrete  delta  (unctions 

d  H  ia  not  necessary  for  a 

overall  system  in  m  efficient  manner  There  are  unexplored  possibilities  using  different  discrete  delta  fuac- 
Bcyer  k  LeVequc  (1992)  consider  such  cases  in  a 


Immersed  boundary  mrthed  vU  prelection  Now  that  we  have  formulated  foe  sub-mainccs  G  and  D 
wehfomD-  Cf  and  tomoducad  a  transformed  forex.  /.  the  overall  system  of  cqoariow.  Eq.  (41.131 


[HslCjHfM*) 


(4121) 


),  it  tt  no  lodger  necessary  to  make  a  dutioctioo  between  foe  two.  Thus 
e  and  vectors  to  Eq.  (4 121)  to  foe  foUowu«  fothtom 


(41221 


Eq  (4.121)  can  be  stotplified  to  a  KKT  tvttoa 

» gt-rj-ft)' 

which  «  now  to  »  form  ideolknl  to  Eq.  (4  1  J).  providing  mouvarion  to  qiply  foe  a 
technique  in  solving  foe  overall  system  as  in  Scarioo  2.  Performing  an  LU  decomposition  of  Eq.  (4 123k 

'£  hA-JS  ilpr')-C;)-(-»«ir»)  ».» 


(4.123) 


As  m  the  original  fiacticnal  stop  method,  there  U  an  A  -(h  order  spiriting  art*.  Note  that  this  vrror  cannot  be 
absorbed  by  foe  Lagrange  multiplier,  k,  because  IM  *  and  Q  do  oot  commute  (even  far  periodic  domams). 
Hence,  a  food-order  cxpmnoo  for  ff*  it  recommended,  as  dtscusaod  m  Peres  (1993)  and  SecUm  1 

Thus,  foe  immersed  boundary  project  ion  method  const  tts  of  the  same  force  stops  as  Eqt.  (414-4.1  J) 
but  wuh  A  replacing  d  “>d  Q  replacing  <?. 


Afmrt,  (Solve  for  fotcnnadiMe  vsdocuy)  (4125) 

&9*Qk  -ry,  (Solve  foe  modified  Potason  mpaiion)  (4  126) 

<r‘  -  f*  -ff^AA.  (Ptqjecnon  rtep)  (41.27) 

The  main  differences  between  the  proem  and  foe  traditional  fractional  step  mrfoods  are  m  foe  Potowo 
equation  and  the  projection  step.  Here,  foe  pressure  and  boundary  force  are  determined  implicitly  from  foe 
modified  Potsson  equation.  The  projection  stop  removes  foe  noo-divcrpcaoc-6cc  and  slip  components  of 
the  velocity  from  the  uttermed-te  velocity  field  at  one  step.  The  numerical  constraint  of  no-alip  exists  only 
at  foe  Lagnogtan  points,  hence  making  foe  dimenuons  of  H  and  /  camudcrebly  smaller  dun  those  of  G 
and  #  Thus  it  is  encouraging  that  there  a  no  significant  increase  in  site  of  m  the  modified  Potsson 

equation  Rom  f?B?G  to  the  rf  Mural  fracueoai  step  method. 

We  cm  stiR  solve  Eqs  (4  125)  and  (4.12ft)  with  foe  conjugate  gradient  method  as  both  trfl-t-ad  side 
operators  arc  symmetric  and  ponlrvodefutito  Some  care  must  be  token  to  make  f^B^Q  ponura-defimto 
and  weQ ^conditioned.  First,  m  in  foe  traditional  fractional  step  method,  one  of  foe  discrete  pressure  values 
watt  be  pinned  to  a  ccnum  vahic  to  remove  foe  mo  eigenvalue.3  Second,  no  repeating  tagrangian  porno 
are  allowed  to  avoid  from  becoming  singular.  Also,  to  achieve  a  reasonable  condition  number  and 

to  prevent  penetration  of  streamlmra  caused  by  a  lack  of  Lagnuqtun  potato,  the  distance  between  adjacent 
Lagrangian  porno.  Ar.  ia  act  appiwumaieiy  to  foe  Cartesian  gnd  spacing. 

h  foe  case  of  moving  immersed  boc&eu.  (he  locaoon  of  foe  Ltgrangun  points  mutt  be  updated  at  each 
time  and  so  must  £.  Lc.. 

£*J-£r,-^«»^*,).M  (4121) 


and  swnitorty  for  H.  These  operators  cun  be  pra -computed  at  each  tunc  step  by  knowing  foe  toctoson  of 
the  Lagrangian  poind  mprton  The  current  technique  »  not  Imuted  to  rigid  bodies  and  can  model  flexible 
moving  bodies  tf  we  are  provided  wuh  foe  locution  of  at  time  level  a  -  I  Fra  deforming  bodies,  for 
vetnac  of  foe  body  must  be  iaodwrie  to  satisfy  foe  tooompremibOuy  crautnuat.  The  Cumsa  fomntouon 
Beats  Qw  density  of  foe  body  «nd  foe  outer  fluid  to  be  equal  to  each  other. 


4U 


Let  us  compare  our  current  formulation  with  a  (ew  other  IBMs,  in  particular  foe  Original  IBM  (Peskto  1972), 
the  direct  forcing  approach  (Mobd  Yousuf  1Q97.  Fadtun  ct  aL  2000k  the  IIM  (Lee  k  LeVcque  2003).  and 
foe  DLM  method  (Clowunkt  cs  aL  1994)  to  clarify  the  fond-rcou!  diffcreocev  Since  we  only  adect  a  few 
IBMs  that  are  most  rimalar  to  foe  current  formulation,  Perkin  (2002)  and  Mittal  k  laccanno  (2005)  should 
be  consulted  for  additional  IBMs.  The  same  notation  introduced  earlier  is  used  ut  this  section.  Because  foe 
comparison  of  fundamental  mechanisms  ft 
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of  mere*  here,  we  consider  method*  for  simulating  both  rigid  tod  clastic  bodies.  Some  detail*  <uch  u  the 
time  tnlqpnatioo  scheme*.  tbe  updating  algonthm*  far  the  Lagmngun  points,  and  die  coofiibitrve  relations 


for  the  boundary  force*  me  omitted  for  clarity  of  discussion.  T 


*  of  the  discrete  prenun*  variable  may  not  be  identical  to  our  v 


The  srigtaal  immersed  boundary  method  (IBM)  Tbs  anginal  DIM  (Pesfon  1972)  a  a  modification  to 
the  tmfctMoal  fractional  step  method  Hqs.  (4.1  3-4  1  $),  to  sssnikte  Dow  over  a  flexible  body  An  expliett 
boundary  force  term  Hf  computed  with  Hooke's  law  is  added  to  the  right-hand  side  of  die  momentum 


(4.1.29) 

cr^c#  -  <;V -**•  (At  jo) 

(4.1  Jl) 


At  every  lime  step,  the  location  of  the  Lagmngum  points  on  the  clastic  surface  is  updated.  Although  k  is 
not  considered  here,  a  snurcefank  can  be  added  to  the  premure  Poisson  equation  to  apply  a  correction  to  the 
continuity  equation  (Kim  et  aL  3001V 

Let  w  discus*  how  the  original  IBM  may  conceptually  be  reined  to  our  method,  floofce's  taw  can  be 
written  at.  f  m  r({*  -  {).  where  X  is  the  spring  oonnom  aod  is  foe  equilibrium  position  for  the  boundary 
surface  If  we  are  to  differentiate  and  discmunc  this  idottoo,  we  obtain: 

(*i  J2) 

usmg  the  implicit  Euler  tunc  disctctimtioo.  Adding  the  boundary  force  to  the  momentum  equation,  wa 
observe  that  the  overall  sysaem  has  the  form: 


(4.1  JJ) 


For  rigid  body  nmol  soon*,  k  »  I  is  chosen  to  redoes  the  effect  Own  the  (),)}  sub-maou  (Beyer  Jt 
LcYequc  1992,  Lai  ft  Beskin  2000).  In  die  limit  of  c-«  we  recover  our  cutrcnf  fonnulauoci.  Eq.  (4.1.13). 
The  shavt  formulation,  Eq  (4.I3J),  has  a  structure  identical  to  the  artiftcia)  oompresaibiluy  method  (Cborin 
1967)  that  approximalelv  satisfies  foe  continuity  oquatum  with  —  V  a  -  0,  where  e  ia  an  artificial 
speed  of  sound.  Thu  artificial  parameter  is  typscaDv  set  to  a  large  value  stmilatfy  to  the  qving  constant  r. 
•a  Eq.  (4.1.13).  Instead  uf  I loohe's  law,  a  feedback  controller  (f«  -q  /Ja(4,T)dt-  q^a({,f))  with  large 
gams  (X)  >  t  and  *)»  l)  has  also  been  used  to  compute  foe  boundary  force  (Goldstein  et  aL  1993),  which 
result*  in  an  identical  structure  to  Eq.  (4.1.33). 

However,  lair  can*  urn)  ia  aueh  ctxuhluLvr  tthum  add  stifliuscs  to  (he  •ovtvnsnw  mton.  thus 


previous  methods,  it  is  not  dear  how  the  gains  or  the  magnitude  of  the  forcing  function  relate  to  how  well 
the  no-clip  condition  n  satisfied.  On  foe  other  bend,  our  method  satisfies  foe  continuity  equation  and  the 
M»-«Up  oondstioo  exactly  to  machine  precruoa  or.  if  denied,  to  a  pmcribed  tolerance 


The  direct  forcing  method  The  direct  forcing  method  'Murid  Yousuf  1997)  approximates  the  boutufesy 
force  for  rigid  bodies  with  an  mtermediate  velocity  field  f\  The  force  ia  not  actually  computed  bat  ton- 
ptesnentod  directly  into  the  momentum  equation  by  subouuung  die  regularised  ne-alip  condition  scar  the 
tonuswd  boundary  Conceptually  speaking,  the  momentum  equation.  Eq  (4  1.25),  a  modified  to  yield 

(J»-  HE) Aq” -  ±HEq' m  {&-HE)if*+kcl)~£H^;',  (4.13*) 

<?**<!$ -fff+h*.  (4.135) 

f**‘  (4.136) 

Mere  HE  mtmpolsia  and  then  regularises  a  vector.  whwh  acts  as  a  filtering  operator  to  extract  (he  velocity 
field  near**.  A  diagonal  mass  matrix  St  is  placed  for  scaling  retch  that  tf- H£*Q  near  Factors 
of  i/St  are  unened  ia  Eq.  (4.134)  to  keep  the  order  with  respect  to  St  contutcm  (note  that  A  -  tT{\/Si)\ 
Conceptually,  the  above  equation  becomes  Eq'  •  « J*1  near  the  immersed  boundary  and  reduces  to  Aq"  m 
{r*  —  <x-|)  sway  from  for  body  The  difference  between  the  modified  momentum  eqcntmo,  Eq.  (4  1 34).  and 
the  momentum  equation  from  foe  traditional  fractional  step  method,  Eq.  (4.13V.  can  be  expremed  as  the 
boundary  force  for  the  direct  forcing  method-. 

^  ^  Ef  -EAq'-  t(S  ~  (4.137) 


o  on  g  *  but  not  on  f**1.  A  projection  step  is  applied 
later  to  project  the  intermediate  velocity,  q\  onto  foe  soicnoidal  solution  space.  In  order  to  satisfy  (he  oo- 
kltp  condition  esoetty.  derations  over  the  entire  fractional  stop  algorithm  ia  required  for  each  tone  level. 
Although  slip  in  f** 1  *  reported  to  be  small  (Fadiua  a  aL  3000),  foe  magnitude  of  foe  error  cannot  be 
estimated  In  a  deductive  manner 


Tbe  immersed  interface  method  (MM)  Next,  see  consider  representing  for  ItM  (Loe  ft  LeVsqu*  3003) 
a  in  an  algebraic  form  h  the  DM  foe  boundary  force  is  decomposed  into  tangential 
rr  and  respectively).  A  regularised  tangential  component  of  foe  force.  Hfi, 
ia  included  in  foe  momentum  equation  as  an  explicit  term  and  foe  explicit  normal  boundary  force  w  anpie- 

'  -  ‘  s,  The 


Afrnf  ♦fret  (A  131) 

G'VCg  -  GV  w  6c*  -*  (4139) 

(A  1.40) 


prohibiting  foe  use  of  high  CFL  numbers.  For  instance.  CFL  numbers  used  in  Lai  ft  Beskin  (2000)  and 
Goldstein  at  aL  (1993)  are  <7(10  *)  to  4*(I0  1 )  for  rimuUtton*  of  flow  over  a  rigx!  circular  cyisnder  hla 
possible  to  uae  higher  CFL  ountbets  by  lowering  foe  gains  at  the  expense  of  relaxing  foe  no-tlip  ooodiuoa 
b  contrast,  the  current  projection  method  solves  for  foe  boundary  force  implicitly  wuh  no  constitutive 
relations  and  behaves  similarly  to  foe  traditional  fractional  step  method  in  (emu  of  temporal  inability.  Hence 
simulations  can  be  performed  with  CFL  numbers  a*  high  as  1.  which  is  reported  later  in  Section  1  la 


where  b  «  HJZCj*]))  «  a  corrective  term  to  calculate  the  pressure  gradient  (Gi  -  b)  taking  the  Jump  coo- 

ulto  foe  pressure  Borneo  equation  rather  than  u>  foe  momentum  equation,  a  sharp  velocity  solution  ia  the 
vtcmity  of  foe  sntcrfacc  can  be  achieved  resulting  in  second-order  spatial  convergence  for  some  test  prob¬ 
lem*.  However,  the  coosinicbon  of  foe  correction  term  b  requires  explicit  knowledge  of  foe  boundary  force 
and  is  not  easily  made  implicit  as  desired  in  our  formulation. 
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Wc  nose  ia  passing  foal  Umrick  ft  Fasd  (3005)  recently  developed  a  high  esdra  UM  that  employs  one¬ 
sided  finite  differences  to  obtain  junqi  conditions  for  higher-order  derivative*  Their  results  along  with  other 
numerical  aod  experimental  studies  for  flow  over  a  stationary  cylinder  are  compand  to  our  result*  hi  Section 
3 


The  distributed  Lagrange  multiplier  (DLM)  method  The  most  simitar  method  to  our  formulation  is  the 
DLM  method  by  Glowimld  at  at  (199S).  who  mod  at  a  vwnatknsl  prmcipU  (firate  etesmtal)  framework. 
Their  mark  ia  closely  related  to  ours  as  they  introduce  Lagrange  auihipllers  (i-c.  forty  force)  on  the  immersed 
rigid  body  w  satisfy  the  no- slip  condition,  essentially  through  projection.  The  main  difference  between  mar 
fonnulatioa  and  the  DLM  method  lies  in  how  foe  projection  is  applied  to  the  velocity  field. 

Conceptually  speaking,  wc  consider  foe  DLM  method  as  a  different  operator  splitting  applied  to  Eq.  (4. 1.13k 
Ttoar  overall  system  it  solved  with  the  Marchuk  Yoncnko  fractional  stop  scheme  (Yatxnko  1971,  Marchuk 
1975)  foal  dcoasnpotes  the  overall  operation*  into  three  operators  related  to:  (i)  foe  divergence  free  condi¬ 
tion  and  pnmrae,  (ti)  the  coavccure  and  diffusrvc  operators,  and  (to)  foe  no-slip  condition  and  boundary 
force.  Because  foe  projection  operators  that  remove  foe  a 
pbnd  separately  at  diflsnan  sub-feme  level*,  (hoc  two  o 
velocity  field 

b  our  formulation,  there  is  only  one  projection  step  foal  simultaneously  removes  both  foe  non-divcrgenco- 
frit  and  dip  orenpenrnt  from  foe  velocity  field  We  also  note  that  our  fbrnndatioo  achieves  second-order 
accuracy  ia  tone  by  dwoamga  suitable  approximation  ford-1. 


summary  on  the  comparisons  In  foe  first  three  approaches,  foe  presence  of  an  immersed  object  is  heated 
as  a  corrective  term  to  account  for  the  no-slip  condition.  The  fbadamcoul  difference  between  the  aforemen¬ 
tioned  methods  and  our  formulatfos  n  foe  implicit  treatman  of  both  foe  pressure  and  boundary  force  as  a 
angle  set  of  Lagrange  muhtpiten  n  the  modified  Poisson  equation.  Once  foe  pressure  and  for  forte  an 
determined  foe  conttmuiy  equation  and  the  oo-slip  condition  are  satisfied  through  a  projection  et  foe  lame 
tone  kvd  ia  our  foonulaiion.  The  DLM  method  ia  found  to  be  foe  most  similar  method  but  differs  In  how 
the  prejoettoos  are  applied  Our  overall  IBM  i*  viewed  as  a  pi 
and  numerical  investigation  from  an  algebraic  point  of  view. 


4.13  Validation  sad  Vcrificattoa 

We  numerically  taemtigate  the  temporal  and  spatial  convergence  of  foe  cun  cut  method  m  one-  and  two- 
dimensional  model  pro  Were*,  namely  the  Stokes'  problem  and  flow  mstde  two  concentne  cylinder*  respec¬ 
tively  Also,  flour  over  a  circular  cylinder  is  ootwdered  to  vaUfcuc  the  current  method  m  stoody-eUto  sod 
haaswut  flow.  At  tea.  *  moving  body  exam pin  of  on  impulsively  started  circular  c*  Under  m  considered. 

Smce  the  present  method  ia  a  combination  of  the  unowned  boundary  aod  foe  frocbuoal  step  method*, 
wc  expect  convergence  analyses  from  both  method*  to  carry  over  to  the  current  formulation.  The  temporal 
accuracy  of  foe  immersed  boundary  projection  method  should  follow  the  analysis  from  the  fractional  step 
algorithm  at  shown  m  Eq  (4  1 24)  fa  all  of  foe  problem*  below,  second-order  finite  volume  dtscrrUxoOoa 
(except  for  H  and  E)  »  applied  Foe  foe  problem*  of  flow  over  a  cylinder,  a  ooo -uniform  gnd  is  employed, 
making  the  scheme  formally  first-order  accurate.  1  lowever.  we  suppress  the  first-order  spatial  error  by  using 
a  very  smoodi  grid  stretching,  effectively  keeping  foe  overall  error  to  second -order.  In  the  vicinity  of  the 
body,  foe  spatial  grid  is  kepi  inform  with  its  finest  teeolutom  and  —  w  A rmm  *  A t-  Unices  stated 
otherwise.  V  ■  3  is  chnaea  far  approximating  A  1 


Figure  4. 1 3. 


One-dimmtleual  Stokes'  problem  Ufo  fires  asaeas  the  accuracy  of  the  current  method  using  a  one- 
dtmcrouwsl  Stokes'  problem  where  an  wtuatcly  lot*  flat  plate  is  uiqmlsiveiy  sat  into  manosiwttb  m  •  I 
to  an  mitiafly  qmewccto  vtseeux  flunf  with  V  ■  1  (Figure  4.13k  Tbe  toiriol  condition  farfoc  ttmularuxi  is 
as*  to  the  exact  solution  to  the  Stoloss*  problem  after  a  firuto  tone  of  v  »  0. 1  too  etapeed  to  order  to  avoid  foe 
temporal  discontinuity  due  to  the  impulsive  start  from  interfering  with  foe  convergence  study.  Simulation* 
are  performed  to  a  periodic  computations!  domain  in  both  r-  and  v-direction*  with  uniform  grid  diacrctuas- 
dosL  The  top  aod  boaom  bouodones  are  placed  hr  enough  to  avoid  periodicity  from  interfering  with  the 
wdoetty  profile  near  tbe  translating  plate  Spatial  and  tmyoral  convergence  >t  analyzed  mtenti  of  Ota  L.  and 
Lj  norms  of  foe  horizonrol  velocity  enor.  «j  «  u{yt)  -  ttf.  over  the  domain  yj  €  fO,  1]  (io  non-dimensional 

longdtVv^eAJlfilik 

Figure  4  13(*)  asaceses  foe  temporal  L.  error  for  various  aim  of  non-dimensional  tune  neps,  vSt/Str 
Tbs  error  was  aoroputed  by  eomporing  the  tohsmn  to  a  temporally  refined  reference  solution  at  fixed  grid 
resolution  to  Isolate  the  spatial  dricretixatwa  error  We  calculate  foe  error  at  l  »  0.11  with  Av  «  10  * 
Tbe  three  coovxrgcncc  curve*  on  foe  plot  result  from  foe  me  of  different  order*  of  expansion  S  for  B*  (or 
4  !l  Note  this  the  sptioic,*  error  from  Eq.  (4.L24)  is  larger  to  msgnimde  than  foe  undcriytog  second-order 
onto  resulting  Aren  foe  tarn  integration  scheme*.  Hence  (hit  ipUttmg  etror  dmeefor  mfluence*  for  woaporal 
accuracy  for  the  range  of  St  considered.  A*  discussed  in  Boot  (l  99 IX  foe  splitting  error  cannot  be  absorbed 
by  X  because  LM~'  and  £  are  not  commutative  even  for  *  periodic  domain 

Next  wv  perform  simutotioas  with  a  very  fine  tone  step  {St  ■  10'*)  sod  compare  foe  results  to  the 
exact  sotuooo  at!  -  OlOI  for  varying  Sr  Tbe  velocity  profits  to  the  viermtv  of  the  piste  is  mAueoosd  by 
foe  regularixatioo  or  the  Dirac  delta  function.  This  alters  foe  vofocity  derivative  at  foe  immersed  boundary 
cotsung  the  first-order  accuracy  of  the  L.  norm  as  shown  m  Figure  4  13(b)  Fortuooidy,  this  smearing  effect 
is  dorrunarW  only  to  cloae  proximtty  of  the  plate  and  foe  ondertytog  second-order  convergence  Is  ochrevad  » 
Ac /.•sense 


Flow  inside  two  enneewtrte  cylinders  Foratww 
concrntnc  hollow  cylinders  wuh  radu  rj  1/2  and  rj  m  1  as  wed  as  foe  flew  ouide  the  ww  slier  cyttodo  as 
ihosva  n  Figure  4.13.  The  outer  cylinder  is  held  stationary  while  foe  toner  cylinder  is  rotated  with  angular 
velocity  Q 
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S« 


Figure  4.J  J; 
4Jtam  Old 
q>aUa)  velocity  error 


m  the  oMHlitacnwomt  Stokes  problem.  (a>  Temporal  l~  oona  errors  with 
A.  (b)  TV  Q  **  D 


dur- 

|  IJ05, 1.05J  »‘A  unifonr  spatial  revolution 
over  r,  «  JO,*;  Cmdudmg  flow  made  the 
We  study  the  imped  of  foe  sptitong 
oof  remit*  lo  t 
Ar-ArwU* 

•hows  font  (bo  order  of  expansion  AT  for  A 
totheonr-4 m«Mde«e  Ax  h  on  be 
arts  to  affect  the  Mol  error  at  the  smafk 
commend  U 
g  V  -  J  far  actacreag 
choice  of  A/  (ferot  IWI, 


exact  rotation.  The  viacmiry  i* 
to  keep  i”  poonvmdefuwe  Fi 
» 5  to  the  U  end  the  L, 


The  spatial  accuracy  of  the 
ttan  a  needy -auto  Because  the 
toe  pin  the  pressure  to  remove  lb 
r  •  0  fee  all  atm  aod  Cm 
surras  are  ploded  against  tha  gr 
spatial  accuracy  of  velocity  As 
ta  Figure  4  150*  Due  to  the 


ofsux  [-1.05,145;  x 

*,  -  »e(o)  -  oa> 


a  step.  Af  -  5  X  lO*4.  and  spatial  molut.oe 
k  constant  and  viscosity  is  set  to  V  -  I,  Figure  4.1.5(a) 

from  the  .V  •  3  case,  the  secund-ankr  tunc  integration  error 
own  time  aep.  Baaed  on  both  Dm  one-  aod  rwo-dtmcmionsl 
V  for  practkal  problems,  There  also  k  an 
with)ar| 


•nd  £«  a 


along  the  x-axk  from  0  to  /y  The  wfiroty  and  Lt  error 
4  |J<c)  for  the  same  problem  considered  In  assessing  the 
rnacy  fbfloers  the  same  trend  aa  the  velocity  shown 
discrete  Delta  function  along  the  'manned  boundary,  the 
accuracy  to  orders  of  one  and  abend  1.5  for  the  infinity 


Figm*  4. 1  A:  Setup  for  the  problem  of  two  concentric  cylinders  (inner  cylinder  rotates  with  angotar  velocity 

OX 


<h) 


vAr/Ax3 

w  front  the  problem  of  two  a 

s.,V.ford  * 


ctytim 


l  (a)  Temporal  A.  a 


-l:0>^-2  .aandV.J:  A.  (b)  The  Lm:  O  **4  £.j  □ 
r  norma,  (e)  The  Lj.  Q  and  f2:  C  spatial  pressure  error  norma. 
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FWw  erer  a  stationary  cylinder  We  aenstdre  flowovw  a  circular  cylinder  aa  aoc 
the  dimenaiom  of  the  recirculation  rone  and  the  (bice  on  the  cylinder  at  vanot 
readily  available  from  prewar*  experimental  and  numencat  studies.  For  die  a 
aasuha  fioaa  the  IBM  of  Lai  A  Fcakia  (2000)  and  the  1IM  of  Lionick  A  Faael  (2005)  among  others  when  the 
dm  are  available.  Our  two-dimensional  simulations  an  performed  by  Introducing  a  cylinder  of  diameter 
d  •  I  la  a  latgc  computational  domain  <J  with  nuOalW  uniform  flow,  a -a.  -  1.  Reynolds  numbers  of 
*t  m  m_Jfv  -  20,  40,  and  200  are  chosen  tor  validating  the  current  method  at 
vortex  shedding  confotioo*  (v  h  the  kinematic  vitcoutyl 

n  is  discretized  non -uniformly  b  both  x-  at 
ing  is  kept  uniform  with  its  tine*  sue  A*—)  hi  the  vicinity  of  the  c; 

d  in  die  atinutacna,  where  n,  aod  is,  are  the  amber  *  dsret 


•a  k  the  mm 

unions  an  performed  with  different  sixes  of  9  to 
influence  our  aotatida  Uft  (mflawj  add  lateral  boundary  coodmoox 
(•,»)■  (n-,0)  and  are  placed  far  away  hum  Aa  cylinder.  At  the 
(*u fit  a^du/dx  »  •)  k  applied  to  allow  vorticsty  to  exit 
resolutions  are  chosen  to  ensure  (hat  re&abtc  rofutioae  am  o 
(CFU..  « s^Az/Aa^)  in  Thble  4  15  ftum  cam  nf  Jtr  -  40  < 

nwithCFU.  *  Oil. 


Table  1*  Parameters  for  spatial  and  temporal  ductctmtion  wed  is  (he  skmtatiens.  The  max  Man  CFL 
numbers  are  reported  from  Re  ■  40  f)  and  dr  «  200  (t)  cases. 


*»,  xn.  y 

_ 

A t 

ITU. 

a* 

Case  A 
Case  B 

150*  150  -30.  w;*;— 30.50 

300x300  rjo.3o>;-3o.io; 

004 

0.02 

0005 

0.005 

0J2* 

0.44* 

74 

137 

CaseC 

300x300  :-is.45>;-jo.jo; 

00333 

0.0125 

out 

14 

Case  D 

300*300  -10.  to:  *1-30.30' 

00333 

0.0125 

0.73t 

04 

r  force  on  the  body  applied  by  the  Bow  in  senna  of  the  drag  and  lift 
t  Co  ' F,l aod Ct  repaid,  napetuvely.  *nep^.  I  T*.  force  on  the  cyliadre 

F.  mn  be  obtained  simply  by 


m “  (/$!)  * -LfawWw)  '%)4txJl 

*-i>uJU«Av 


(4.142) 


place  separately  for  each  dt 

Fin*,  simulation*  are  performed  for  Rt  *  20  and  40  to  validate  the  steady-state  characteristic*.  The 
resulting  wake  dimensiom  and  drag  oocfticumts  are  compared  to  values  reported  m  tha  tkcranwv  The  aim 
of  the  wake  is  charactcnecd  by  f , h,  and  •  (eppropnaleh  qoo-4mma«inU«d  f  s  the  (bunder)  detvwd 
in  Figure  AI5  fotkamg  the  wNation  used  a  Coulanceau  A  Bouard  (1977a).  The  parameter*.  /. «.  end  * 
represent  the  length  of  the  recirculation  tone,  distance  Bom  the  cylinder  to  the  center  of  the  wake  vortex, 
and  tha  gap  between  the  centers  of  the  wake  vortscca,  respectively.  The  separation  angle  m  denoted  by  9 
measured  from  the  ruuv  The  steady -stale  Wtidty  con  tours  and  streamlines  from  Case  B  arc  shown  ia 
Figure  4.15  for  Re  »  20  and  40  The  flow  profiles  are  n  cloae  agreement  w  ith  those  reported  tn  the  literature 
The  wake  properties  from  Cases  A  and  B  are  compared  again*  previous  experimental  and  anmekea!  studies 
in  Table  4.15  and  are  also  found  to  be  m  accord 

Next  at  oonasdrr  flow  over  a  cylinder  at  a  Reynolds  number  of  200  to  reproduce  periodic  vortex  shed¬ 
ding  A  short  time  site*  unmlxtson*  are  hutiatod  from  uniform  flow,  a  perturbation  in  a  form  of  an  srrmroev 
tic  body  force  is  added  to  trigger  the  shedding  msubiltty.  Numerical  multi  repbeato  the  periodic  shedding 
of  rewrite*  to  fom  the  Kitmin  vortex  street  a*  shown  at  the  vwrtsoty  contour  or  Figure  4  |J,  The  resutimg 
bft  and  drag  oocActcnts  ad  the  Strouhal  Dumber,  S>  ■  where  /,  is  the  shedding  frequency,  are 

compared  to  previous  studies  to  Table  4 1 5.  Result*  obtained  from  Cases  B.  C  and  D  are  found  to  be  in 
good  agreement  w«h  psevsous  finding* 


not  too  criricaL  A*  a  pair  of  positive  and  negative  rewucea  oonrext  downstream,  their  effect  on  the  cylinder 
become  less  important  since  then  hr -field  induced  velocity  would  appear  to  cancel  On  the  afore  hand, 
we  have  observed  pronounced  interference  from  the  lateral  boundary  condition*  when  the  heigh*  of  the 
uk  shortened. 


Flow  around  a  moving  cylinder  Ax  our  lari  test  problam.  vre  sunulalc  flow  around  a  ewetfotf  cylinder 
in  repulsive  translation  to  validate  foe  present  method  for  moving  bodies  Tha  siwutlatton  k  performed 


S* 
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Table  2  Comparison  of  experimental  end  numerical 
oocfTkncet  ftmB  flow  over  „  cvumicr  for  Rs  -  20  end  4ft 


studies  of  Heady  Hate  wake  dimcnuon*  and  drag 


T/— -/T 

177“ 

i 

Cp 

Re  «  20 

0.9.3 

03i 

046 

450 

Trinoo(l959)* 

. 

209 

dieDcrxut  JFM70 

0.94 

• 

- 

43.7* 

2j05 

Lomkk  ft  Faael  (2005) 

0,93 

036 

0-43 

43.3“ 

206 

Prescm  (Caw  A) 

0.97 

039 

043 

44.1* 

207 

Present  (Case  B) 

0.94 

037 

0.43 

433“ 

206 

Re  40 

Coutanccao  ft  Bouard  (19770)* 

2.13 

0.76 

039 

53.r 

Triuon  ( 1959)* 

. 

. 

. 

M 

139 

Demtia  ft  Chang  (1970) 

2J3 

> 

. 

534* 

132 

Linnick  ft  Fasd  (2005) 

221 

0.72 

0.60 

53.6* 

h 4 

Present  (Case  A) 

2.33 

0.75 

0A0 

541* 

155 

Present  (Case  B) 

230 

0.73 

0.60 

53T 

134 

Table  3:  Comparison  of  StrouhaJ  number  and  coefficients  of  drag  and  lift  for  flow  over  cylmkr  from  c-vper* 


oudtct  at  200  Experimental  studies  arc  luted  with  (*V 


Sr 

Q> 

Cl 

(to  »  200  Beiov  ctal.  (199$) 

a  193 

U9±0042 

*0.64 

Liu  ft  Kzwachi  (1991) 

0.192 

131  ±0.649 

*069 

Lai  ft  Peskin  (2000) 

0.190 

Roshko(19$4)* 

ai9 

- 

Linnick  ft  Fasei  (200$) 

0.197 

134+0  044 

♦0.69 

Praaeni  (Caac  B) 

0.196 

l  J5i0.044 

*0.64 

Present  (Case  O 

ai9$ 

134*0.047 

±061 

Present  (Case  D) 

0.197 

136*0.043 

*0  69 

Fifw*  *  1  7  >fcrt>c*y  eemlow*  (top)  fre  stead*  date  flireovw  a  cytadcr.  w  here  eotoourlcvols  are  »c<  from 
3  to  3  to  increments  of  0.4,  and  comapoodwg  tfreamfaecs  (bottom).  For  kft  and  right  plot*.  fte  w  20  and 
40,  napecuvdy. 


61 


62 


2 


0 


*2  ' 
-2 


0  2  4  6 


Figure  4  16  Snapshot  of  the  worticiiy  field  with  contour  (crab  from  *3  to  3  to  wemwrO  of  04  for  fte  ■ 
200. 


by  moving  (be  Lagnmgtan  body  point*  at  each  time  atop.  Aa  ibeae  porno  duft  tbdr  potottona  in  time,  tbe 
regularization  and  tafcfpoiatkm  operator*  are  updated  according  to  Eq.  (4. 1 2X>  Wc  iodially  poabon  tbe 
cylinder  with  and  diameter  (/w  I )  to  tbe  origin  and  bapuhivdy  aer  it  imo  mouon  to  tbe  left  with  a  oomcant 
velocity  of  mq  «  - 1  Remits  are  presaged  for  Rcynoidi  oumbmof !*•  *aV/v-40and  200 

The  computational  domain  if  u  taken  to  be  {-  163,  13.5]  X  [-13,15]  with  no-slip  boundary  condition 
applied  along  iff  Non-erufonn  grid  la  aaod  with  oruform  gnd  tn  tba  near  field  tors  mg  a  rcrohitxm  of 
du—.  ■  0.02  reaulting  in  a  grid  size  of  42$  a  250  A  constato  lime  step  of  A/  «  At —  n  n  chosen  mch 
that  tbe  maximum  CFL  oumbers  are  trmiod  to  0.9S  and  0.11,  respectively  for  R»  -  40  and  200  during  the 
simulation  bom  a  noo-dimcationil  time  off*  to  \mjff  -  0  to  3.5  Quresocrt  flow  it  used  for  (he  initial 


COCxStiMV 

Wk  present  mapfoot*  of  (be  flow  field  at  Doo-dirocrsuoo*)  time  of/*  •  1,  23,  and  3-5  in  Figure  4.1  3. 
Left  and  ngtofiguratftwtoale  the  vwtKity  field  for  40  and  200.  mpeetivaK.  The  flow  fields  are  to 
agreement  with  those  to  Qwtanceau  ft  Bouard  (19776)  and  Koemowtsakos  ft  Leonard  (1995)  for  Re  -  40. 
For  ft  •  200.  the  flow  exhibits  a  generation  of  stronger  vortex  pair  to  the  wake  of  the  cylinder  to  the  two 
cases ,  the  aotottona  are  resolved  weB  even  near  (he  boundary  and  the  difference  in  (he  effect  of  viscous 
diffusion  u  nicely  captured. 

The  drag  oocfficxstu  for  (he  (wo  uses  are  also  computed  by  Eq  (4.1 .42)  during  the  aumdaiion  and  ate 
ptoocsl  to  Figure  4.1  3.  Computational  rcauta  besod  on  vortex  methods  bom  Koumoutsako*  ft  Leonard 
(1995)  and  Cattto  to  aL  (2001)  along  with  the  analytical  senes  aottobn  (Bar  Lev  ft  Yang  1975)  valid  for 
early  lime  are  superposed  on  the  current  results.  The  current  scheme  reveal*  the  ringuUr  behavior  of  (he 
dog  at  the  start  up  time  (<P(1/VF))  expw icnccd  by  the  cylinder  due  to  the  impulsive  motion  (Bar-Lev  ft 
Yang  197$).  Our  drag  coefficients  am  about  4  to  5%  larger  then  those  from  the  vertex  method.  Additional 
simulation*  were  performed  with  smaller  grid  spec  togs  and  larger  computational  domafa*.  However,  these 
were  no  noocabk  change*  to  our  rotations  to  account  for  the  difference 

We  also  aasaei  (he  length  of  the  raeirvaUttoa  zona,  pmvwualy  defined  as  Iff  to  Fqpse  4.1.5.  to  the 
bam*  of  reference  of  the  cyttoder  (a  -  *#,v)  for  validation  over  time,  to  Figure  4.1  3,  these  length*  «* 
compared  with  the  report  ed  curva  bom  a  numerical  study  of  Collins  ft  Demis  (1973)  and  experimental 


ftndmgi  of  Coolant  cau  ft  Bouard  (19776)  sod  arc  found  to  be  to  excellent  agreement  shown  by  the  overlaps 
for  both  Reynolds  numbers. 


Three-dimmsfena)  examples  To  demonstrate  that  the  IBPM  CM  be  implemented  tn  three  dimeouom.  we 
briefly  describe  results  for  three-dtmcnsMcad  flow  over  a  kro-ospotft-retk  flat  pistes  at  angle  of  attack.  Aa  m 
example,  a  rectangular  flat  plate  of  aspect  ratio,  AR~  2.  at  an  angle  of  attack  of  to  •  30  la  ratoamancousty 
pcsKvtocd  to  a  uniform  flow  field  air  a>0.  The  Reynolds  number  is  ato  toft*  w  100  and  the  computational 

domain  b  taken  lobe  [-4,6.1]  x  {-3.5J  a  |— 5. 5j  (ncntuUmd  by  the  chord)  srith  a  grid  size  of  125  a  55  x  60 
(streamwtoc.  vertical,  and  sponw.se  doccuoo*.  iw^pectritoy).  liens,  grid  stresetung  is  applied  to  region*  oway 
from  the  plane,  while  keeping  uniform  resolution  to  the  dose  proximity  of  the  immersed  body.  The  tuna  step 
and  the  nmunun  grid  size  are  sa  to  0.01  wad  0.04,  respectively,  to  bout  the  maximum  Cowart  number  to 
03  during  the  simutofton 

to  Figure  4  1.12,  the  qmaawm  sotkity  contour*  a I  the  midspoa  are  compared  to  digital  particle  ira- 
age  wriodmetry  (Df  IV)  mrauermnsti  acquired  horn  a  companion  experiment  performed  to  an  od  tow 
tank.  Simulation  results  and  the  DPfV  data  are  found  to  be  to  agreement  along  with  force  mensarements 
on  the  plate  validating  the  three -dimenwonal  immersed  boundary  projection  method.  The  corresponding 
three-dimcmional  wake  structures  are  presented  to  Figure  4.  U  3  to  ghmrate  the  foreutoon  of  leading-edge, 
trading-edge,  and  tip  womens.  The  tooaurfree  hem  are  fmemtod  for  tnit  0-ealue  (second  torrerinm  of  «bt 
velocity  gradient  tensor)  to  show  flow  regions  with  (tgruficant  rotation*  StreswUtoe*  are  also  depleted  to 
ittuatote  foe  op-effects,  butialty  a  roong  trading -edge  vortex  It  formed  oonvtctin*  downstream  whik  the 
leading -edge  and  tip  vortices  stay  stably  anached  to  the  plate  (r  -  » -5%  Later  at  steady-atato  (/  -  13).  the 
diffused  leading-edge  vortical  structure  »  still  stably  attached  to  the  plate,  la  the  care  of  thwe-dimanaianal 
Sow;  the  viscous  dtffudon  ofvorucitY  to  (he  gaww  tkrectxxj  and  (he  bp-cffcct  Hahduws  the  wake  Xruc- 

to  forther  detail  to  Taira  d  aL  (2007). 


43  Fast,  multidomain  algorithm 

fa  order  to  acee farxte  our  IB  rnednd.  we  further  aaplcmcnl  a  nulltpace  (discrete  strewnfijnction)  method 
(hal  allows  the  divergence-fore  constraint  to  be  sutometkafty  aatisfiad  to  machine  roundoff  By  employing 
a  fast  sfac  transform  technique,  the  linear  system  to  determine  (be  forces  eon  be  solved  efficiently  with 
direct  or  iterative  toehnaqurs  A  muha-domtoa  technique  m  developed  to  onto  to  improve  fxr-ficld  boundary 
conditions  that  are  cnmpotihle  wkh  foe  foat  nnt  transform  and  account  for  fas  exunovc  pMcttial  flow 
induced  by  (he  body  as  well  a  vortiaty  that  advcctkdiffiuo  to  large  distance  from  the  body.  The  mulu 
domain  and  faatteefauquea  are  sahdatwl  by  oumparing  to  fae  exact  aofatsana  for  (be  potential  flow  mduccd 
by  dationary  and  propagating  Oseen  vortices  and  by  an  lmpoUrrely-atertod  circular  cylinder  Speedup*  of 
more  than  an  ordor-of -magnitude  are  achieved  with  foe  new  method. 

fa  the  next  section,  implement  a  nufapace  (discrete  strewn  fraction)  method  (Hall  194$.  Chang  et  aL 
2002)  that  allows  the  divergence-fore  owntamt  to  be  autocwsricaDs  aatnfiod  to  maefam  roundoff  We 
show  (hot  if  Ihe  grid  U  kept  uniform  throughout  space  (with  equal  spacing  to  alt  directions),  fae  Potssoo- 
blot  cquatxm  for  fae  foreoa  can  be  eflkkmly  solved  other  directly  for  stationary  boshes  er  haraOvctr  for 
moving  bodies  through  dw  use  of  a  fast  sine  transform.  While  uniform  grid  spacing  n  to  fad  required 

'TkrfFvalwOtosawtowsanasSkV.l.MwdisO  4(»'  pt|a).  fos  ■  ■■W*!.  to-  .W  O  mdSm*  We 
is)sswimr  mi  wwism  rnapwiaw  tf' 9a.  raspreirerty  Qtau  is  aL  l*M  Coagw*  u>  hr  wnnsiy  anws.  gnaUw  Q  whws 
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Figure  4  l.“  Snapshots  of  4m  wt*wty  field  •round  an  onputmxh-  nxn\a<t  ctrcuto  evliakv  for  Rr*  40 
and  200  al  non^tmenoMMl  (mm  of  r*  m  i.  2-5,  and  33.  C«tow  level*  from  3  to  3  in  beromewa  of  04 
arechoma. 


Fjjwt4.no  HUtorv  of  4m  drag  ooeflkMtd  of  the  bodv  for  fle  ^  40  and  200  (  — — )  compared  with 
numerical  sohmona  from  Koumoutaako*  *  Leonard  (|W)  (JU  m  40,  — -J  and  Conci  m  *L  (2001)  (**  • 
200. - )  and  analytical  aohrnoo  by  Bar  Lev  k  Yang  (14^5)  ( - *vabd  for  cartynme. 


(a)  ft* -40  lb)  ftr  200 


Figure  4.1.11:  Length  of  the  rcctrcuUiiot  awe.  i  /d  in  the  frame  of  nftnncc  of  the  «wwtf  tytoda  o  i 
ftmcooo  one,  r,  for  (•)  ft*  -  40  and  (b)  ft*  «  200  compared  with  previous  stutfiew  Pievcns  nnailo:  ■  ■  t 
experimental  mcwunmaiu  of  Coutancsau  k  Bouard  (1977b)  (ft*  m  40,  £  and  numerical  rtudy  of 

Coltint  k  Dennis  (1473)  {Rr  m  200. - 3 


Figure  <1.13:  Top  view  of  vortical  *rocn*r  behind  •  roctwigular  piste  ofAR  -  2  and  a  »  30*  represented 
by  M  Mosurfac*  of  y  -  I  tor  **  ■  1 00  si  difTcrau  umc*  Streamline*  art  overlaid  with  color  contour 
ndtcmlat  die  local  velocity  norm  from  bN»  to  rod  as  increasing  magnitude.  Flow  detection  from  top  left  «o 
bottom  right. 


in  4m  vicinity  of  the  body  by  the  dacretc  delta  (unction  On*  a  wed  to  regatarow  the  surface  force,  ft 
u  relatively  meBtuout  for  external  flow*  where  the  domain  need*  to  extend  to  large  dtacanee  from  the 
body  In  tS«  original  IB  PM.  this  ihlficuhv  a  overcome  by  stretching  4k  mesh  away  from  4ie  body  but 
4m  b  with  the  a 


watnetion.  we  derive  m  section  4  12  unproved  fur-field  boundary  condition*  that  are  compatible  with  the 
Eatf  method  and  allow  the  domain  to  be  more  enug  around  the  body  The  aew  boundary  conditions  roeoum 
4m  the  extensive  potential  flow  induced  by  4m  body  a*  wwfl  a*  vartwitv  that  advccuAfefTuice  to  large  distance 
from  (he  body.  The  boundary  otmdioonj  rely  on  a  mulu-domam  approach  whereby  the  Poisson  equation  b 
aolvod  (with  the  fast  me  transform)  on  a  mm  of  inercaamgly  Urgts.  but  ceance.  computational  d 
Validation  examples  presented  »  accUom  4  23  and  4.Z4  d 
respectively,  of  the  revised  forrmiUtxm 


0.1  NuUspac*  method  tor  the  immersed  boundary  method 

Mnftipacr  approach  The  *W2g»re  or  dticrrtr  xrtromfimetiv*  approach  (Halt  1945.  Chang  et  al.  2002)  b 
a  method  for  aolvuig  the  system  l<  1 1 1)  without  the  unmnsod  boundary  foramlabon  hi  this  ease,  the  flow 
only  needs  to  satisfy  the  moomprcsaibdity  coostw 


fO, 


(<ll> 


tog  to  the  basts  of  the  nuD space  of  D.  Chang  ct  al  (2002)  should  be  consulted  for  details  lienee,  these 
operators  etgoy  (he  following  relation 

OCm%  «12) 

which  automatically  enferwa  incumpcca.iWny  at  aB  timr.  Df* »  m  DCi**'  -ft  This  dboctc  wlation  b 
conabtem  wUh  the  continuous  vernon  of  the  vector  identity-  VV<  *0* 

Prt-enuteiplyiag  the  momeatum  equation  with  C*.  the  p 


4m  foemutatioQ  since  (^Gp  -  ^DCfp  m  ft  nestuung  in  only  a  single  equation  to  be  solved  for  each  time 


Cr40r,mCr(f?wftn) 


(4-2J) 


Indus 


etafty 


4  of  the  fl 


preanic  Pouaoa  aaKsc.  ta  ehaamaied  whale  the  a 
liooal  step  emu  arising  from  wing  an  approximate  A  1  a  nut  promt  since  an  approximate  LU  dccompo 
n  i*  not  required.  Tha  feature  led  Chang  «t  al.  (2002)  to  cad  Aw  technique  the  atmifrocikmal  tap 


We  note  (hat  the  operator  C?  b  a 


cand  that 


7-CV 


(4i4) 


area  normal  to  the  vnmeity  component). 

This  method  may  m  generai  be  taod  on  « 

20023,  including.  as  a  fecial  case,  the  simple  Car 
the  discrete  stream  function  and  circulation  have  a  single  cos 

*N«w  am  srrbms  «n  fcpj  •  Owiacfc  n  Wr  torn  he  4u  bmaduy  m 
maW»te>#aamtohmbt<hrfcuteM*pwuitoui«hnm*w<wite 


getal. 

i  in  18  methods.  In  two  dimensions. 
»  Qn  4te  directicn  normal  to  4m  fthmeV. 
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which  W  naturally  defined  i(tbcc«tl  vertices  tiec  Figure  4 111  Chang  ct  at  (2002)  Its  three  dimcnuota 
There  at*  three  components  of  the  ttrumAiKtson  atsd  Circulation  (hat  are  defined  at  the  canter*  of  the  edges 
of  the  Vbroam  (dual)  ecQ.  asutofotady  to  Ac  velocity  component*  oa  the  primal  mok 


t-  tgure  4  2  I  Locsnoa  of  variable*  on  (Offered  )0  mesh.  Velocity  eompnetiW  are  defined  at  the  center  of 
toch  edge.  SUvamTuneOoa  and  circulation  are  defined  *iraiUrtv  for  the  Voroooi  cefl-tn  fob  case  a  oeil  that 
ia  o(I*ci  by  half  a  oefl  length  in  ends  direction. 


Nutbpacc  approach  with  aa  immersed  boondary  la  aider  to  satisfy  both  the  maanproreibildy  and  the 
o»-»hp  conditions  with  the  mtflspacc  technique,  it  would  be  nocccwy  to  derive  a  basis  for  the  nudspacc 
of  <?  Although,  a  lingo!  »r  value  deconqxxdtion  of  can  be  per  termed  to  numerically  determine  thr 
nubrpoce.  die  rcuih  is  not  in  general  a  sparse  representation  which  is  desirable  for  computational  femibility. 
Aa  analytical  derivation  of  the  twlbpooe  operator  does  OcH  seem  to  be  an  easy  task  either  Moreover,  in  the 
general  one  where  the  body  ia  moving,  the  oulhpaca  represrarnion  wonld  need  la  be  tccotnpused  at  bant 
once  per  ttmectcp. 

To  trtwnwl  thn  difficulty.  we  once  again  roly  on  a  projection  approach.  Consider  the  evstem  that  is 
obtained  by  incorpoeaung  C*  and  g*"'  -Or**1  loEq.  (4  Ul).  The  noomprcsubility  coasnatnt  and  (he 
pressure  variable  are  eliminated  and  we  arrive  «  another  KTT  system; 


genera,  la  the  caae  whore  the  body  o  oot  moving.  «  at  re 
of  EC  {CfjtC)  *{£qr  ooce  and  (bran,  smec  the 
for  the  immersed  boundary.  U>  das  cm 


v  possible  to  perform  a  Cboloky  decom 
•  of  the  form  CfjtCi  -  f»  need  be 


Fast  mtthod  for  aaifona  grid  sad  simplr  boundary  coaditioas  In  thia  section  we  revert  to  the  a 


{*2.9) 

where  vymbula  an  aa  defined  previously  The  divergence  free  and  ao-Ap  constraints  ant  unchanged 

W»  now  show  that  with  tunpiificabou,  the  system  of  oquatsotts  may  be  solved  using  Cut  suss  transform*, 
result  »|  in  s  significant  reductwm  mcomptfational  work.  Whee  the  gnd  *  mafona  (with  equal  gnd  qwetng 
in  all  coordinate  directions),  (he  mass  nutria  Af  is  the  idcMity  maths  Wc  assume  for  the  moment  that  the 
value*  of  (he  velocity  are  known  in  the  region  ouutdc  the  computational  domain.  Wc  apply  simple  Dirichlcs 
boundary  coadkiom  lo  the  vdaaty  normal  to  the  sdos/edges  of  the  oompuuuooai  domain,  and  a  Neumann 
the  sides.  Lacking  further  ia/onnatioa.  om 

y  (or  oo-strau) 
a  for  an  external  flaw 

around  the  body,  provided  the  domsia  is  latge.  In  the  ncxi  sectioa  we  wiQ  show  bow  improved  evumacri  Cur 
the  velocities  outside  the  computauoaai  domain  am  be  obtained  via  a  multi-domain  approach 

With  these  timpfificatsooi  we  operate  «o  Eq  (4  2.9)  wuh  <?  (which  etiminoies  the  preaawr)  and  we 


J+C***/-  -/K*Cy^C?>(f)  -  bcr 


{*210) 

la  deriving  this  equation  we  have  used  that  fig  ■  fiCCf f  •  -fiCy  provided  that  Dg  w  a  lien  £  is  a 
concent  equal  to  l/(JUA2).  when  A  k  the  uniform  gnd  spoon*  Thu  identity  mimics  (he  contmuous 
identity  V^a  w  V  (V  a)  V  x  V  x  a  «  -  V  *  V  x  a. 

With  uniform  grid  and  the  aforemenucoed  boundary  conditions,  the  matrix  p&C  t*  the  standard 
dnerasr  Laplariaa  operator  on  a  5-*  or  7-poite  ncncJ  la  two  and  throe  spatial  diroeoatoas.  respectively. 
Thr  boundary  coodibooa  discussed  above  result  in  raro  Dinchict  boundary  conditions  foe  f.  Thu  discrete 
Laptacum  is  diagonalixed  by  a  sine  transform  (hat  cao  be  computed  in  <P(Ylog 3V)  operations  (whera  S  t* 
the  dimension  of  yV  Wc  denote  best  the  sine  transform  patr 


r-  n(7)-(so- 


(4.15) 


The  left-hand-aids  malm  « symmetric  but  in  general  mdrfinUe,  making  ■  dam*  mluuoa  Was  efficient  The 
projection  (fractional  step)  approach  yields 


(f  ACsm  w 

EC  \C?AC) '  *  (£C)7  -  £Cr'-*;‘\ 

rx  »  /-(cf4cr‘<£c)yl 


{*20) 
{*27) 
{*2i) 

where  we  have  a*  not  yet  inserted  an  approximation  for  the  tnerar  of  C^dC  Dona  sohdioti  of  (hi*  system 
n  foe  general  ease  requires  a  nested  tteraltoo  so  solve  the  modified  Potsson  equation  This  may  be  feasible 


fmsr  ~  r-sf,  (4j.li) 

s  Fourier  coefficients  k  writing  the  transform  pair,  m  have  used  foe 
fact  that  (he  sine  transform  can  be  aotmalraad  so  that  a  »  Identical  In  Its  averse  Further  we  may  write 
symbolically  A  *  SCfCS  where  A  it  a  diagonal  matrix  with  foe  eigenvalue*  of  CrC  These  arc  poauivc 
and  known  analytically  and  wc  note  that  then  is  no  aero  eigenvalue  (since  foe  boundary  conditions  are 
Dbtchla). 

Applying  foe  u 


*  A/bcv, 


(41.121 


EC  ^5A '*  (/-t^a)  ^  (£C)r/~  SCSI'S?  -nj**, 


(41.15) 

(41.14) 


XECfl 

The  veioetty,  needed  for  foe  next  time  step,  may  be  found  by  mimductng  the  discrete  srenamfuaction: 

<-G r-.*c.  fmSA^Sf+bc^  (All  5) 


Each  of  foe  vrrtors  hcTJjt  iovolva  foe  assumed  km 
lional  domain  thou  values  are  discussed  ia  detail  ia  the  next  a 

r  one  linear  sytScm  oeod  be  solved,  F.q.  (4.2.13),  with  a  powtrro 
•.  That  foa  matrix  a  poattv*  deftmte  ran  be  seen  by  hupcctam.  The  dimes*- 
a  of  the  mamx  arc  now  S/  x  Af/,  and  thus  many  fewer  Iteration*  are  required  than  the  original  modified 
noo  equation.  To  be  more  precise,  each  acratkxt  on  Eq.  (4.1)3)  requires  C Mltogj  Af  -r  Afo, -*■  4 4)) 
wAf  is  foe  umbra  of  votticky  unkoowm  and  Af*»  is  the  bandwidth  of  foe  body  foioc  regw- 
**.  and  i/  is  the  duncmiooality  of  foe  flow  (2  or  3  for  2D  or  3D. respectively ). 
For  foe  dkerem  Detea  'unction  with  a  support  of  3d.  we  have  Afa»  *  W.  For  the  original  Fouaon  cquauoo. 
foe  cost  per  motion  ia  *  (Af*,^ ♦  (2d-*- 1}/)  -+■  *tf).  where  J  ia  foe  order  of  dw  approximate  Taytor  sene* 

toverae  of  A  and  foe  factor  2 Its  foe  stencil  of  the  discrete  Lapkoan.  Furthermore,  using  uandard  c»- 
butea  for  foe  aamb  nt  of  isaratiora  required  for  com^rgapce  of  foe  wagugaie  gradtcm  method  (Shcwchuk 
1994)  along  with  the  known  eigenvalues  of  CrC  wc  can  esumatr  that  foe  operation  count  per  tame  step  for 
the  Poisson  solution  has  been  reduced  from* 

r(,V‘  2iVl7<y-(2j/_11y))  operation  Count  for  original  method, 
feo 

operation  ctxmt  for  Eq.  (41.13V 


ul  case  with  Af  •  121*.  Af,  -  I01.  4  -  J,  and  J  •  3  d 

*  with  Af  •  1 2^ ,  Af/ »  200,  d  •  2  and  y  •  3,  foe  spoodup  is 
about  10.  Tka  a  for  foe  pouaoo  solve  alone.  Additional  speedup  occurs  became  A  ia  no  longer  necessary 
lo  solve  e  system  As  *  A  for  foe  n 


r  example,  k  a  «i 
speedup  w  aboot  30  For  a  two-d 


pretboedV  FtnaDy,  we  recall  that  foe  new  system  of  equations  remits  k  no  iterative  error  ia  sansf)-ing  foe 
divergence-free  constraint  (it  is  automatically  raro  to  nxmd-oflV 

IT  (he  hod)*  a  Stationary,  fora  foe  Pbiasoo-tike  equation  for  foa  forties  can  he  efficiently  solved  using  a 


I  for  foe  Potsaoa  solve  it  simply  C{U))  In  this  case  foe  computations!  qxxd  is  Uitutod  only  by  the 

sohitkai  oTEq.  (41.I2X 

To  nanmanm.  if  foe  grid  is  uniform  and  simple  boundary  coadtnons  ate  tired,  it  ta  vastly  preferable 
to  solve  Eqx.  (41.12)  to  (42.14).  Wc  refer  to  this  ia  what  follow*  »  foe  fm  method.  UofommaUdy.  for 

VSV  k^«  and  *r  (m  are  St  <  N  m  aitmu  •»**  •vuooc 
•Wwv  for  Imres  sr  Ay*  nv  foe  rwMwaU  ■ 

<«rea»  fom  «aa  (Cos)  rew  nrefonas.  fov  (3rf  •  tV  h 


■f  MctatMm  et  Ow  caajugi 
nforlnSmre.re4Vfc 


a  so im.  ftc  XVIogjAT  Ucu* 


ndcnal  flows,  thr  ttmphfiod  boundary  combtxm  ate  out  effective  unless  the  computational  domain  is  quite 
Large.  Sine*  foe  grid  is  also  required  to  be  uniform,  even  for  away  from  foe  body,  foe  larger  domain  would 
quickly  negate  fos  benefit  of  Cast  method.  Howmnt.  in  foa  next  sectioa  we  discuaa  an  alternative  strategy  for 
a  method  font  has  s  more  modest  cost  penalty. 


411  FaHkM  boundary  cnadMaac  a  a 

Tbs  foa  method  relies  on  simplified  fer-firid  b 
boundary  and  known  vortieiTy.  These  can  be  set  to  mo  if  foe  computational  domain  «  aufficiantly  large  For 
nnalkr  droit  are,  this  will  lead  to  sigmficaat  errors  and,  m  particular,  foe  forces  computed  on  the  body  will 
suffer  s  significant  blockage  cnee  The  atror  ante*  from  two  naaocs.  The  first  u  foe  waamm,  algsbmscalty 
decaying  potential  flow  mdiwed  by  foe  body  (or  equivalency,  the  system  of  forces)  The  second  is  that 
vwtidey  may  advea  or  diflbse  through  Ac  boundary,  k  era  enginat  method  discussed  m  Section  4.1, 
d  bv  utmg  a  hvgo  doraaia  with  o  highly  uresched  Cartraiaa  mesh  aaar  foe  for  Add 
rufom  grid  spacing  rarer  foe  body),  at  well  as  by  using  an  approximate  Corrective 
i  Unfortunately,  stretched  meshes  are  incompatible1  with  direct  Fourier  methods 
for  solution  of  foe  Pmsson  equation,  k  (his  section,  we  show  howto  pore  an  accurate  Car-field  boundary 
coaditioa  that  b  also  compatible  with  the  Cut  method  described  in  the  last  section. 

Wb  curt  by  briefly  reviewing  referees  boundary  conditions  designed  to  reduce  one  or  both  of  foa  afore¬ 
mentioned  sarom.  For  emrs  associated  with  foe  slowly  decaying  potential  flow)  a  few  techniques  have  been 
posed  m  the  past  to  pmdi  In  foe  potential  flow  extending  from  the  truncated  computational  boundary  to 
mfirstv  Rcanich  &  Lek  (1997)  propose  s  technique  for  boo  unbounded  forewarn  and  one  ptnodic  daeo- 
tioo.  Their  method  is  bared  oh  matching  the  numerical  aotucioa  to  analytics!  representation  of  foa  solution 
to  Laplace  equation  outside  ■  cylindrical  volume  They  report  a  50%  increase  pa  tune  step  for  •  typical 
large-scale  computation,  but  this  eoft  is  more  than  oflks  by  foe  ability  w  me  much  more  a 
Wang  (1999)  presents  a  similar  approach  for  two-dimensional  Sow  ta  foe  form  of  a  o 


sotunon  that  satisfies  an  mooned  Dtnchlel  boundary  condition  Vatm  particle  methods  in  principle  su- 
tomancaDv  aeoremt  for  foe  exsenairre  potential  flow  generated  by  foe  rorbeity  However,  a  practice  it  a 
ofien  oocemary  to  remove  particles  that  advea  to  targe  duuncc  from  foe  regka  of  iotarat.  An  interesting 
toctmiqne  to  reduce  errors  associated  with  removal  of  particica  is  called  erergkg.  whereby  foe  circulations 
of  several  vortex  psrtscka  ere  combined  into  s  angle  rkmrnt  when  they  are  ndficMndy  for  from  foe  body 
(Shieb  1 99A  Rossi  1997). 

The  second  type  of  wror  axsociatod  with  vorncity  sdrecong  or  diffitsing  through  foa  boundary  is  typ¬ 
ically  handled  by  posing  snffow  boundary  oonfofoma  For  tncesnpreaaihlc  flow  these  are  usually  called 


h  often  used  Another  technique  b  to  selectively  apply  damping  ia  a  region  near  foe  cor 
ary  Methods  fore  employ  fob  technique  vrey  from  nd  hoc  speedteabon  of  layer  widfo.  drenpmg  strength, 
rfr-  to  techniques  that  theoretically  specify  the  damping  parameters  according  to  a  model  An  example  ts 
foe  perfectly  matched  layer  (Berengcr  1994)  fur  linear  wave  equation*  (including  Unearned  cmnprcndble 
Euler  equations  (Hu  19%»  that  uses  analydcsi  islmtoos  to  foe  gm 
that  prevent  reflaetioa  of  vravra  from  foe  iotcrfoce.  i 


2002)  b  based  on  an  a 
scales  too  fine  to  be  resotved  m  foe  e 


mca  modeling  that  (he  effect  of  the  twbuleoce  model  is  to  model 
ms  foe  effect  of  the  boundary  condition  o  to 


Caoi  a  a  (tSM). 


71 


72 


model  tcala*  too  large  to  be  rooted  to  die  computational  domain.  A  (all  oUcuMaon  of  these  technique* 
k  beyond  die  K»pc  nf  dua  paper,  w  icier  die  reader  to  tome  recem  refcrenco  tor  fonhar  dentils  (Su 
A  Greaho  I9M.  Jin  A  Bna  1997,  OTsharaku  ft  Suroverov  2000,  Cotooiua  2004)  These  techniquct  are 
drained  lo  remove  vorticity  from  the  domain  «<  smoothly  at  potable  thereby  preventing  undesirable  it- 
AecUooa  or  aharitig  Mott  do  eat  mmoornt  fat  Ike  velocity  induced  by  vorticity  (bat  ha a  already  exiled  the 
domain  (a  noi>4oe*J  effect) 

Wo  pmcoi  hoe  an  alternative  (pchnye  dud  thane  pome  ficeum  with  there  peevwuw  ncthmk,  eape- 
cially  thorn  of  lUwdch  ft  L*k  <1997),  Shicle  (I9<J«X  and  Colonkta  A  Ran  (2002X  It  it  bated  on  e  multi¬ 
domain  approach  due  alto  rharoa  mm  operation*  with  the  vnhigrid  met  ted  for  eohring  elliptic  equations. 


domain  but  with  a  coarser  mesh.  The  circulation  on  die  etocr  iwnalWi,  Oner)  meth  ta 
earn  jpW  onto  die  omcr  larger.  coarser)  meth.  The  Pouson  equation  w  solved  (with  n 
tiooi)  an  the  outer  domain.  Thn  aotunon  is  then  it 
Porsaon  iqeeaitn  in  toted,  with  tha  oc 

Similar  to  the  vortex  merging  method  discussed  above,  any  existing  ami  lotion  In  the  outer  portion 
Of  the  larger  domain  ia  retomed  from  the  prrviorn  ume  level,  fat  dus  way.  we  approximately  account  for 
drew  tat  km  dial  has  advectrd  or  Affined  put  of  the  inner  domain.  Clearly,  the  John**!  on  die  coerier  mesh 
coniaiat  a  larger  tnmeation  error  for  the  evotutioa  of  this  vortibty.  Uowcvcr.  aversion  oftheLapUriaa  it  a 
mootkimt  opmun.  ILgh  frequency  components  of  (he  solution  induced  by  circulation  tn  ihc  outer  meth 
decay  more  reputtv  than  low-frequency  components  Being  interested  nt  Ihc  flow  m  the  meant?  of  the  body 
(and  its  wafceX  we  discard  (he  solution*  m  the  outer  region  only  tctouning  the  velocity  it  induces  cm  the  emcr 

Wp  apply  dm  technique  wcunhdy  a  number  of  limes,  mhrgrng  (end  coonoung)  die  domain  m  each 
gn d  leveL  Wi  choose  to  keep  the  total  number  of  gnd  point*  in  each  ArccUon  fixed  on  each  mesh;  w* 
magnify  the  domain  and  coarsen  the  grid  by  e  boot  of  2  at  each  grid  leveL  The  procedure  is  shown 
schematically  ia  Figure  4  21  The  rorfcuity  ia  repeatedly  eoarafled  on  each  progressive  gnd.  The  Poisson 
equation  ia  Ihm  solved  on  the  largest  domain,  ui  turn  providing  a  boundary  cootfition  for  the  neat  smaller 
dumam.  The  process  n  then  repeated  until  wc  return  to  the  original  domain. 

The  velocity  field  decays  algebreteatlv  ro  the  far-fWW  and  we  thus  expect  errors  aaroeiated  with  (ha 
buowdrey  ooadaioa  on  die  targesr  domain  to  daxcare  geometrically  m  the  roc  of  the  largest  domain  U 
increased.  In  the  wont  earn  of  a  twoduneniwail  Dow  with  non-zero  total  circulation,  the  velocity  decays 


with  the  imena  of  the  distance  to  die  vortical  region.  Analytical 
wr  obtain  a  factor  of  *  reduction  m  the  boundary  cmi 
is  what  srould  be  obtained  by  simply  extending  the 


given  «  Appendix  B  show  that 
larger  gnd.  This,  of  ooursa, 
gnd  to  a  dj  nance  equal  to  the  extent  of  the 
teases  linearly  with  increasing  extent,  rather 
n  quadraticatty  (in  two  A  men*  ion*)  or  cubvcaPy  (m  three  Am ensnwsV 

The  method  can  thus  be  written  as  follows  Wsdefer  the  dornaui  of  each  grides  y^U-l.X 
ink  «  I  rotes  to  tha  original  (imstlcstl  grid  and  t-A^refei  lo  die  largest  one  Wc  then  defio.  be 


f-S^Sf. 


(4-2-16) 


where  y  is  an  arbitraiy  input  vector  (with  length  equal  to  the  number  ef  discrete  circulation  mines  on  the 
ptdX /•  the  rotation  (with  length  equal  to  dm  menho  of  diseretc  sueemfuoctioo  vatueaX  « 
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JA  'J  implies  the  following  operations: 

t"  -  % 

f 


P- 


where x«y^\9«  •». 

*•2.5,^./^ 

-  ft 

/*>  -  SA 

*w/V>V- 1,  .1. 

I  •  JATft-f,u- 


<0.17) 

<4Xlt) 


(4.2.19) 

(4X20) 


(4X21) 


I  Use  HJ1  it  a  ftoc-to-cOerK  interpolation  operator  and  11  is  ha  coarse -to-flne  counterpart 

restricted  to  W*  *  by*r,  . 

hi  ocoatrocsing  P,  It  would  be  dcsiiableto  preserve  (to  machine  roundoff)  oertaia  mo  tnowtt  of  the  droo- 
lauon  distribution  ao  (hat  tha  velodty  decay  rate  far  from  die  body  b  correct  In  (he  proem  enpkmcnution. 
wc  attempt  le  preatrve  only  the  total  cuculsiion  Switching  from  matrix/vector  to  point-operator  taxation, 
we  write,  for  dm  two-dimmrional  case. 


x*  "-"(I*  »)„ 


-  #" 

.  I*i»t)  ***-!)  1 t) 

4 4  W  I  Jb*lj  I  Jli  l>*l  4ti.lv*!- 


(4X22) 

baaed  an  a 


V*  two  adjacently)  p 

For  the  coarsr-to-flm 


a  of  (be  total  dtctrUricn  and  is  rocood-order 

a  (4  2X2)  sum  to  4  since  dm  cwculxtion  tn  the 
d  by  dw  area,  and  eeerntyiag  the  grid  by  a  fluaor  of  2  results  in  a  foctor 
A  venuort  of  Eq.  (4X22)  consists  of  averaging  Eq.  (4X22) 
nponent,  far  each  of  dm  time  components, 
n  A  the  boundary  of  the  next-finer  mesh,  we  me  the  vmhie  from  the 


t  mesh  for  those  gnd  points  that  coincide,  rod  a 
xuratel  for  those  points  in  between. 

We  note  that  circulation  u  only  nrictly  preserved  if  thete  is  no  vortidty  advecwif  or  diffosieg  out  of 
During  semens  transfer  from  fine  to  coarse  mesh,  circulation  is  only  preserved  lo 
wtion  error,  sines  the  discrctuaoon  eno 
diffusion  rates  we  thstefote  dtghlfx  Aflcme  Tesb  below  oa 
a  are  appropriately  small. 


emof  squarirew  to  be  soted  at  each  time  a*sp. 

*  Y*r (\f»'n  ™  (y*11')]  -  (^O])  • 

4-VA^,.  -I,  '  (4X21) 

'  sJ{EC)rf'*ECSA1f/'i‘-trt",  (4X24) 


r‘  -  's[SQrl 

f*'  m  s\~fsy~y 


(4125) 

<4X2fr> 


Not*  that  in  solving  tot  the  atreemftmetion  at  the  next  tune  Hep.  Eq  (4X26V  we  save  the  ooemfied  ceew 
tabon  field*  and  rtreetnfanctioas  to  use  on  the  nght-hand-wdc  of  Eq  (4  2  2J)  at  the  next  tunc  Hep. 

When  vomcify  crossea  the  boundary  of  a  given  gnd  leveL  the  y^1  field*  are  not  ncocnanly  wnooth 
*  levcia.  The  propegation  of  a  vortex  through  mevh  leveb  u 


c  by  the  physical  vtscotny. 

The  melti-desnam  technique  oomes  with  a  e 
solve  the  uwarmcAwe  vortioiY  cquatron  each  Potaaon  oquation  A,  times,  the  opcnikin  count  poet  up  by 
a  factor  of  Nr  NesenhrlcM.  it  aaabtev  us  to  utilise  the  Cm  algorithm  devenbed  m  (be  prevxxu  section. 
Moreover,  we  find  that  the  mufcj-dnrmm  is  suffiocntly  accurate  (hat  cceopmatronal  dnmam  can  be  made 
■ang  around  ihc  body.  Ran  tunc*  far  particular  example*  are  dnotMcd  below 

Wc  note  (hat  tn  many  situations,  it  w  drar able  to  specify  a  mfona  flow  about  a  body  Th*  tr  stmpie 
b  in  (hr  adhpace  fonnalwion,  n  there  c*  no  ctroulaUon  associated  with  4  One  need  only 


add  the  uniform  flow  to  f*  resulting  from  Eq.  (4X151  and  to  uj*  *  m  Eq.  (4.2  24). 
add  any  potcnual  flow  at  0m  way,  A  kaw  provided  a  satisfies  tha  diwnt+r  foam 


4X9 

Vrfodty  Odd  for  aa  Owes  vortex  Tbe  two-dmxniMnal  velocity  field  enociated  with  »  Gaussian  At¬ 
tribution  of  vorodty  (Oaeee  vortex)  t s  computed  with  the  multi-domain  boundwy  cendhiom.  Thia  tea  t* 
»ed  to  vnltdaK  the  methodology  twice  it  U  pocsible  to  demx  analytically  the  expected  improvement  in 
g  ATf  for  this  cam.  As  dneeared  above,  the  largest  domain  uses  ao  pe 
An  mahncal  solutsoa  for  the  veiocits  field  wrA  the**  boundary 
eonAtion*  may  be  coeuwruewd  by  the  method  of  images  such  that  llw  expected  error  for  die  auihi-domwn 
boundary  oooditwna  can  be  evaluated.  The  procedure  ts  scrwgttt  forward  and  ia  described  in  Appendix  ft 
The  results  show  that  the  error  should  decrease  at  4  *  in  general,  and  for  the  special  case  af  a  square 
domain,  the  rate  onperrsea  in  16  V 
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The  warticxy  field  h  xwualtzed  wsth 


I0P 


(4227) 

whet*  r  »  v/7T7  u  the  tlutMxc  fhxn  the  origin.  The  analytical  solution  fix  the  sritnnthaf  velocity  ie 

•#u.r)  -  (l  -  .  (422*) 

We  sust  the  eumpuutioa  at  haw  f  »  %  and  choose  T  and  q  *uch  that  the  maximum  speed  » 1/  at  r  —  *.  In 
what  tolU»ws.  all  lengths  and  velocities  are  normalized  by  *  and  £/.  respectively.  The  vortkuy  is  cvahiatod 
at  the  vertices  of  a  rectangular  domain  with  uniform  (and  equal)  grid  spacing  in  both  directions  and  the 
Poisson  equation  is  solved  using  the  main -domain  method  discussed  abouo.  In  Figure  4.2-3  cooioun  of 
the  velocity  in  the  *•  direction  arc  plotted  fix  a  case  with  Nt —  5;  the  velocity  computed  on  each  of  the 
5  domnana  are  overlaid  la  show  that  the  velocity  field  remams  mtooth  through  the  domain  transttiona  hi 
Figure  4  2.4.  the  L\  error  of  *  (the  entire  discrete  velocity  field)  is  plotted  as  N,  is  varied  (torn  I  to  3,  fix 
two  different  computational  domains.  For  die  rectangular  dnmaia  ea tending  to  ±4  and  iS  ia  the  t  and 
y  directions,  respectively,  the  decay  follows  the  *'*•  theoretical  estimate  through  St  *3.  For  die  square 
dosnata  extending  to  15  in  each  dutctxm,  we  observe  the  decay  down  toenon  around  10  ‘which 
can  be  damn  to  be  roughly  the  kvnl  of  dw  tnmeaboa  areas  fix  the  ■ccond-onkr  finitorototae  method  at 
dds  grid  density.  For  the  noo-squar*  domain,  we  require  about  SK  —  5  to  reduce  the  boundary  condition 
ant*  to  a  similar  level. 


Figure  4  13:  Multidomain  solution  of  the  Poisson  equation  with  Ng  «  5  fix  an  Osccn  vortex.  Contours  of 
the  velocity  component  in  the  «  direction  are  plotted  Bar  each  of  the  5  grids.  The  smnOest  grid  extends  lo 
1 5*.  with  grid  sparing  A  *  0.05*.  Contour  levels:  mm  02.  mas-  02.  increment -0.02 


Figure  42.4:  4i  aw  in  v  with  mulbdomaia  aolntson  of  Ptmawi  equation  with  mcrenatng  Af,  fix  (he  Omen 
vortex.  The  horuxxtul  black  line  shows  the  approximate  level  of  the  truncation  error. 


The  vortex  is  ttuitaliaed  at  (avr)  -  (0,0)  and  adverted  by  an  otherwise  omfottn  flow  with  speed  equal  le  the 
maximum  velocity  of  the  ronex  The  voracity  and  aronudul  vrfocity  are  still  riven  by  Eq*.  (4227)  and 
(422*».  respectively,  but  frith  the  radius,  r  redefined  with  r  -  yf(Y  -  (Jtyl +yJ.  Again.  T  and  the  Initial 
time.  Si  are  set  so  that  at  r  —  dm  maximum  speed  amncaacd  with  the  vortex  alone  is  V  and  occurs  at 
r-  *  Again  wc  set  Ar  •  300, 

Figure  42  5  shows  (be  cm*  to  the  velocity  at  dm  origin  fix  a  domain  that  nominally  emends  «o  ±5*  with 
| -0.Q5.  Since  the  velocity  decays  like  I  Jr,  k  has  a  long-range  effect.  To  achieve  less  dun  1 %c*ror  without 
corrected  boundary  eonditions,  the  domain  woaid  need  to  extend  to  ±100*  The  error  is  initially  aero  (even 
with  the  wcoreocted  boundary  condstione)  dun  to  symmetry.  As  time  progresses,  the  error  increases  and 
reaches  25%  Ibr^el.  This  occurs  as  the  vortex  propagates  through  the  right  boundary  of  the  domain. 
With  Sg  >  U  the  rones  is  progressively  transferred  to  die  next  largest  mesh  si  intervals  of  tune  3  x  2"'. 
x  -  lt  Nr  With  Nt  m  3.  the  error  stays  below  1%  up  to  nondunonsmoal  time  80.  when  it  leave  the 
coarsest.  largest  mesh.  There  are  small  owei  flatten*  in  the  error  evident  during  gnd-to-gnd  transfer  times 


l  With  St  —  1 0.  cm*  from  the 
boundary  condition  is  undetectable  up  to  time  100  and  the  arror  is  controlled  by  the  2od-onter  dnerettrouen 
error  and  stays  below  about  0.2%.  The  sotudon  at  tune  100  ia  shown  in  Figure  42.4  on  the  targeal  mesh. 
The  magnified  region  is  shown  as  In  an  inset  and  shows  cooioun  of  (ha  vorucitv  and  ooonit  velocity.  By 
time  100,  the  rom  would  ban*  phyricaDy  differed  to  a  cere  site  of  about  1. 6*.  whesem  the  grid  spacing 
on  the  largest  domain  ia  118R‘  The  velocity  field  naar  the  core  is  aompfetdy  wrong,  but  the  cncoUtmo 
ta  nearly  mauervad  and  this  induce*  the  correct  potential  Bow  hr  from  die  core.  The  physical  (smallest') 
domain  m  also  deptriad  on  the  plot  and.  as  k  shown  to  Figure  42J,  the  error  at  the  origin  ia  st 
about  one  percent  of  the  correct  value  at  that  time. 


Propagation  of  an  Otren  vortex  In  order  to  evaluate  errors  associated  with  vortidty  advoctiogrdilfinmg 
through  the  computational  boundary,  we  again  use  the  analytical  sohiuoo  associated  with  an  Ovecn  vortex. 


Potential  flow  over  a  cylinder  As  a  final  example  we  consider  die  potential  flow  induced  at  /  -  0  by 
an  impufaevely  started  cylinder  Wdinnacr  D  The  immersed  boundary  usea  371  equally  spaced  Lagrangian 
points  and  the  domain  ia  defined  snugly  around  fee  body,  cxteotfcag  to  -rOJSO  in  each  direction  with  grid 
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•pacing  A  -  0.005SD  Ws  initiate  a  uniform  flow  with  speed  U  and  Ice  the  body  "materialise”  at  l  m  0. 
The  solution  n  obtained  by  per  fixrnmg  I  ttmo-step  of  the  Navicr-Stokas  aohnsoo  using  the  bn  method  w 
multi-domain  bosmdarr  conditions.  A  flow  field  obtained  with  N,  -  4  »  presented  with  the  e 

nut  Figure  4  27  Tfe  streamlines  me  (bund  to  be  at  agroernoitwtlh  a  alight  difference  acar  the 
m>  regularized  nature  of  the  di  rente  delta  fimetioa.  to  Figure  422,  we  compare 

fix  different  Sr  Weobaerve  the  estimated  *(4*)  comcrgence  (uJTppcndx  B)  down  to  a  level  of  about 
10'  *  after  which  the  leading-order  error  is  dominated  by  (he  truncation  error  arising  from  the  discrete  delta 


Figure  42.7  Streamlines  around  a  circular  cylinder  tor  potential  How  fix  Af,  —  4  with  sohmoaa  from  the 
first  two  toner  multi  domains  shown.  Present  result  ( -  —  ■)  sad  the  exact  solution  ( - )  are  prevented 


W«  conclude  by  meaauring  the  performance  of  the  Cut  noQspaccrinuhi-domam  munenod  txxmdary  method 
compared  to  the  ongiml  performance  by  the  IBTM.  First,  we  annulate  flows  over  a  stationary  circular 
cylinder  of  diameter  D  and  compare  to  previously  published  mult*  (Untuck  A  Feed  2003.  Taint  A  Coloohu 
2007).  Computations  are  performed  on  the  donum  '  -  (-1,3;  *  [-2,2!  with  A- 0.020  where  Ng  ia 
varied  between  )  rod  3,  The  cylinder  te  oenfatred  at  the  origin.  The  (low  it  impulsively  started  at  t  »•  0,  and 
the  body  is  stationary.  Thus  the  Choksky  decomposition  u  used  to  sotve  Eq  (4  224). 

After  transient  effect*  aaaoevalad  with  the  impuisi  vely-started  flow  have  dwd  away,  we  examine  wake 
souenns  and  forces  on  (he  eyiinden  boat  fix  different  vahsre  of  Sr  These  are  compared  with  previous 
results  for  *r  -  40  and  200  in  Tables  4  and  5,  respectively  For  the  steady  flow  at  *r  *  40  we  report 


Figure  42j6:  Propagating  Osocn  ronca  at  r  —  J00A/U  on  the  (argon  domain  with  Nt  —  10.  Color  contour* 
represent  the  norms)  velocity  The  inset  shows  a  zoomed  region  near  the  worse*.  The  black  tine*  are  contours 
of  the  dratlatioo  which  tt  represented  on  only  a  lew  grid  points  of  the  largest  mesh  at  (his  time. 


e  4.1  J.  h  la  evident  that  as  At,  Is  it 
» the  previously  published  data.  It  appears  that  \  -  4  ts  a 
Note  that  fix  the  anginal  IB  PM-  computation*  are  performed  over  a  domain  of  [-30,30]  x  [-30.30  by 
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Ptgure  C*  Velocity  error  aloof  the  top  boundary  of  foe  smallest  domain  lor  differs**  N,  (  \  A  guide  of 
4*  teals©  drown  <—*. 


>00  a  WO  drrttked  grid  pntots  with  tbe  finest  resolution  of  A*  «  4*  «  002.  The  time  step  for  ail  c 
chosen  10  be  Ar  w  OjOI  to  limit  foe  ntunsn  Count*  number  to  l. 


iterations  for  earlier  time*.  Thus  with  St  m  4  for  Cut  method  reduces  ike  computational  tune  by  a  foe** 
of  about  15  for  foe  steady  flow  and  65  for  ihe  unsteady  Item  MV  ha%v  found  <*miUf  spcroLups  la  a  vancT 
of  problem*  on  which  we  have  tested  the  code.  M'c  note  chat  we  have  (hut  hr  only  implemented  ike  fort 
method  mi  two  dunctisiona  (the  anginal  algorithm  baa  been  vahdeacd  »  both  two  and  throe  dimemiom). 
Speed-ups  for  threodunc.  <**»nal  problems  ate  likely  to  bo  more  dramatic  as  discussed  m  Section  ill. 

Next,  wc  compare  the  ^eed-up  6am  for  a  transient*  circular  cylinder  simulated  by  moving  the  La 
graafian  boundary  putnis.  Now  Eq  (4X24)  is  solved  itnrati%c1y  with  the  oorqugatc-gradicnt  method  A 
cylinder  originally  at  Ihe  origin  at  f  *»  0  b  impohtseiy  translated  to  the  left  with  unu  velocity  with  Ar  m  200. 
The  kaoiMM  domain  ia  seketed  as  JjrW  ■  [-5, 1]  *  J— 1, 1J  with  A  -  0.02/>  and  wc  use  N,  -  4  multi- 
domain*  tend*  this  bighhr  confuted  (be  tramlating  cylinder  generate*  two  counter  rotating  vortices 
in  dm  wake  a*  drown  in  Figure  4  |  J  for  l  «  3.5  The  vottsoty  profile  ia  at  accord  with  previous  icauha 
reported  in  Taira  *  Cokxuua  (2007).  Compared  to  a  computation  performed  with  the  original  approach, 
(be  present  computation  is  found  so  hr  4)  4  umes  (miter  Recall  that  a  qwed-up  of  53  0  is  observed  for  a 
•uirooarv  cykndxr  (Table  5).  which  suggests  dial  (be  overall  aigonthm  is  Mill  solved  efficiently  even  with  ■ 


4 J  Linearisation  and  adjoint  formulation 


For  deriving  reduced -order  models  tsmfU  for  comnrf  design  using  the  approximate  balanced  vuncatioa 
method  eudased  m  asetteo  4  4.  we  first  Uneanaa  the  Navicr  Stokes  aquatsuos  about  a  pre-computed  steady 


Table  4:  Compariaoa  of  remits  from  ike  fiwHoctbod  « 
around  a  cylinder  at  Rr-  40, 


A  Co  Ct  Speed-up 

Re  200  Present  tiV(  w  2) 

Present  (,V#  *  3) 
IWnKRL-4) 

Prrsrnl  fiV,  •  5) 

0.206  1.47x04)49  ±0.6*  )2U 

0.200  1.40x0  052  ±0.70  U7 

0.107  134x0044  ±0.70  654 

0.105  -  134x004$  ±0 M  53  0 

Lmnsck  A  Fasd  (2005) 
Tatra  A  Cokmius  (2007) 

0.107  lJ4-tO,044  +0,40 

0.106  135x0.04*  irOM  1 

Table  5  Comparison  of  results  from  the  fast -method  with  pro  touch  reported  values  for  instead)  Arm 
around  a  cylinder  at  A*  >200 


sue  At  desenbedm  more  detail  at  Alupi  *  Rowley  (2010H  the  hncaruad  equate**  err 

£*CfC?t-4C (4X1) 

£Or-fc  (4X2) 

•hare  -*!()»  )yi*  the  special  diacrtiuation  of 

fetef****,  <<X3> 

andfoeftaf  te  related  toy  by  The  boundary  condition*  for  for  luwarund  equations 

arc  bCf  m  0  on  die  outer  boundary  of  ike  Iatgc*  computational  domain. 

The  modeling  technique  of  section  4.4  also  requires  certain  amoral  simulation*  to  appmaimaK  dte  ob¬ 
servability  Oranuan*  In  order  to  derive  (he  adjoin*  formidauoe  of  (4  3  I.  43  2).  wc  define  the  foBovnng 
tenerprodua  on  the  ttate-spacc: 


(Tt.nV-j^ 71(^0  ')>*. 


(4.3.4) 


d  JL3  inner  product  weighted  with  (he 
*  (4X4)  induce*  ike  usual  cwcxgy-worm, 
that  is,  {r.Y)r  m  lot  wbscb  is  foe  energy  of  the  (had  integrated  over  for  entire  domain.  This  choree 
is  convenient  as  a  results  in  foe  adjoint  equations  whack  differ  from  foe  bnearered  cquatxcu  only  in  the 


«l 


t2 


r  tana.  A  dcnvaPon  ts  ouUined  m  Appendix  B  of  Ahaja  A  Rowley  (2010 h).  and  the  resulting 


il  -cV*  - -fitra;  ~  (c*cvi(*)r*. 


where  the  variable*  (,  {  and  p  are  dual  to  foe  discrete  arcoiauoe  y,  it 
tpcctrvtdy.  and  ■  C{  ia  dual  te  foe  Am  g .  The  adjouu  of  foe  tineafire 
wbroh  can  be  shown  to  be  •  spatial  discretiono*  of 

.  V  *(»*«.) -**tf0*fo)* 


(4X5) 
(4XO 

is  ftaacrioo  sand  body  force  /,»- 
mlinesr  term  is  [C'Q^i  (»)rf„ 


(4X7) 


Sucre 


a  (431)  only  in  dte  tart  term  oo  foe  right  hand  tide;  foe  numerical  to- 
n  be  obtained  by  a  mtall  modtfication  to  foe  solver  for  the  Imcaraed 


4.4  Balanced  Proper  Orthogonal  Decomposition  (BPOD) 


by  Moore  (1*1)  and  ia  valid  for  mM*  cystoma  of  foe  form 
ladrwfo 
X-Ct. 


»  (BPOO)  a  a  model  redaction  method  baaed  on  foe  him  of 
e  is  the  control  theory  community.  Balanced  truncaoon  * 


n  of  the  system  (4.4.1)  as  follows: 
and  *,m  £<r'CC<**t 

when  asterisks  are  uaed  to  danote  adjtm*  operators,  defined  by 


(*w)r-(n,ra>#, 

(Ouk-fcOb-, 


¥*«♦  and  V*«  JT. 

Yr€tr  md  vtcir. 


(4AI) 
the 

(4X2) 

(4.43) 


(4.4.4) 

(4.4J) 


The  Gremiaos  (44X  4.43)  havs  i  a 


aphyw 


•f  input  mregy  acquired  to  4fo«  foe  tywem  Bore  foe  ongia  at  time  #«  to  a  states*  at  I  ■  0  is  given 
by  B«|V  **#*#  <J*  The  state*  foal  can  be  reached  using  the  least  input  energy  are  foe  me 
nreaa,  and  pmmotricafty.  they  can  be  wywnanted  by  foe  major  ate*  of  the  ellipsoid  jr*»> 


Figure  4.4.1:  Art 


[*;  see  Fig,  4.4.1.  On  the  other  hand,  the  output  a 
by  the  system  starting  at  state  j*  is  given  by  |y|V  *  <r.m.  The  stu 
are  most  observable  sod  are  given  by  the  major  axe*  ofs*  A>  «  ). 

tofoncteg  is  referred  to  as  a  transformation  of  foe  system  (4  4.1)  to  different  coordinate*  in  which  foe 
controllability  and  observability  Cnmans  (4  4  2,  4  4  3)  art  equal  and  diagonal  h  •  always  possible  to  find 
such  a  transformation  if  the  system  a  both  corwofieble  and  obacnublc  Thu*,  in  foe  balanced  coordinates, 
foe  mem  controllable  and  the  most  observable  states  coincide  and  a  reduced  model  can  be  obtained  by 
snoply  truncating  the  least  controllable  and  observable  modes;  sue  Fig.  4.4.L  If  the  balanced  trentfoemattoa 
ia  given  by*  «  fof,  foe  Gnnuans  in  the  new  coon&nates  are  jpvco  by 

r,-*  *»;(♦  »)% 

where  Z  C  R*'*  is  a  real,  diagonal  matrix  whose  entrios  O)  ^  0  dcucarc 
fot  Hanktt  singular  values  (IlSVa)  and  are  dttwedy  related  to  foe  control  lab  tfy  and  ObsrevabiUiy  of  the 
correepondiag  states.  A  reduced -order  model  a  obtained  by  truncating  the  states  with  relatively  small  ItSVs. 
that  t*.  foe  sates  wtucb  are  almost  uncontrollable  and  unobservable.  Fimker.  foe  IlSVs  are  indcpcodeot  of 
t  given  by  foe  eigenvalues  of  tbe  product  of  foe  Cnmtatu  W  whde 


(4.4.6) 

(4.4.7) 


The  mata  advantage  of  bateoccd  truncation  over  the  previously  described  methods  o  that  4  captures 
both  foe  actuation  and  sensing  The  ressduog  reduced  model  ts  guarassSaad  to  be  stable,  presided  that  foe 
truncation  does  not  take  place  at  an  order  between  tsra  equal  HSVs  Also,  there  exist  rigorous  error  bound* 
for  foe  accuracy  of  the  reduced  model  in  particular,  ff  C[i)  k  foe  input -uepul  impulse  raapunre  of  (4  4.1) 
and  CtO)  n  *<  hnpufas  rarpuai »  of  the  betenced  rystem  truncated  at  an  ordar  r.  foe  error  ia  grrea  by 

|GW-a(/>|-<2  f  fo.  (444) 

s».| 

A  disadvantage  of  foe  exact  balanced  truncation  method  is  that  it  is  KM  tractable  for  ii 
■)*srsaa  as  it  iovolvrs  wrluhtw  of  laige  matrix  Lyapunov  equau  J 

scribe  an  approximate  technique  developed  by  Rowley  (2005% 


of 


by  Rowley  (2005)  for  obtaining  an  approximate  baboon*  transformation.  The  procedure  reliea  on  an  ap¬ 
proximate  expression  of  the  Cnmiana  which  was  introduced  by  Moore  (1981)  and  can  be  arrived  at  by 
observing  that  (he  impulse  response  of  (4  4.1)  is  gives  by  »(/)  »  cxp{At)B.  where  columns  of  >(/)  €  R**r 
are  rtares  obtained  frum  the  rmpocne  of  (4.4.1)  to  an  impulse  to  the  oorrespoodin*  dement  of  input  a  The 
control  lability  Gramian  (4  4.2)  can  be  written  in  term*  of  this  impulse  response  aa 

r,-j T(iW*’(f))4-  (4.4.9) 

If  the  snapshots  Gram  this  impulse  reform  are  sampled  at  equal  tune  intervals  4  and  stacked  in  a  matrix  X  € 
I'1'*  (after  scaling) 

X* *1  V.)  (4.4.10) 

-t/Tl***  t**B  ...  r*-f),  (44.11) 

where  t,  «■  (/  -  1)4.  (he  integral  in  (4  4.9)  can  be  appreunmawd  by  the  quadratmr  stmt 


wxr  (4  4.12) 

In  general.  the  snapshot*  nerd  not  be  sampled  at  equal  time  intervals,  in  which  case  each  snapshot  needs 
to  be  scaled  differently  by  the  appropriate  quadrature  factor.  As  pointed  out  by  Rowtcy  (2005),  if  the 
dataset  (4  4.10)  is  trend  for  computing  POO  modes,  the  resulting  modes  are  the  leading  controllable  modes; 
in  that  regard,  POD  captures  the  effect  of  actuation  but  not  sensing. 

The  otwrebihty  Gramian  am  also  be  appraxunatad  w  a  amabr  way  We  fim  define  the  adjoint  state- 
qwee  system  of  (4.4.1); 


±-d*X~C*q  (4  4.13) 

wm  art,  (4  4.14) 

where  the  adjoint  matron  are  grvea  by  (4.4  4. 4.4  5)  The  observability  Gramian  can  be  written  m  terms  of 
the  impulse  response  t{i)  •  cap (4V)C*  of  (4  4. 13),  where  cotumaa  of  *(r)  £  It***  are  states  obtained  from 
the  response  of  (4.4.)))  to  an  impulse  to  the  corresponding  dement  of  input  r 

r.-j rwy  {,))*.  (4  4.15) 

If  (he  snapshots  of  the  impulse  response  are  again  sampled  at  equal  time  intervals  4  and  stacked  in  a 
mams  Z«  IT**-. 

I  ■  yf£  (*t  *3  ~  U.)  (4  4.16) 

r^C-  e4'-C)  (44.17) 

the  integral  in  (4.4. 15)  can  be  approximated  by 


r.aZT.  (4  41*) 

The  approximate  Gramtans  (4  4.12,  4.4.1*)  are  huge  dimensional  and  not  actually  computed  due  to  the 
targe  enrage  coat,  but  the  leading  columns  (or  modes)  of  foe  transforms!  >oo  that  balances  there  Gramian 


rr-w.jR  u,)(*  £)(£).  ,44.„ 

where  It  €  R"#  ta  a  diagonal  matrix  of  the  most  significant  HSVr  greater  than  a  cutoff  which  u  ■  modeling 
parameter,  while  Ij  €  R'*  *»’ *»— *is  a  dtagonal  matrix  nf  smaller  and  wrollSVs.  Note  that  Z*JT€ 
la  a  relatively  small  matru.  where  m*  and  m*  are  die  number  of  snapshots  of  the  impulse  responses  of 
svstamr  (4  4.1)  and  (4.4  13),  In  each  input,  respectively  For  Surd  system*  drat  we  are  rtirtstad  m.  the 
typical  number  of  snapshots  is  O(10,-4j.  font  resulting  in  a  reasonable  computational  cost,  and  typically  r  ^ 
100.  The  leading  column*  and  rows  of  foe  balancing  tfamformatioa  and  <u  inverse  are  then  obtained  wag; 

+  mXV,t;'n  and  *-Zl/ (4  420) 

where  ♦,  f  €  R**f,  sod  the  two  sots  of  modes  are  bi -orthogonal;  foal  is.  Y*fo  »  4-  The  enhonos  of  ♦  and  T 
are  called  (he  balancing  and  adjoint  mode*  respectively  The  reduced-order  model  is  then  written  aa 


a- V/fdw-'TRv 

/•Cfo. 


(4  421) 


Another  comparison  with  POD  wsa  obtained  by  Rowley  (2005);  the  models  are  (he  same  as  those 
obtained  using  the  standard  fOD/Galerkin  method  if  foe  toner  product  used  hi  computing  POD  modes  is 
wo  g hied  by  the  obaen  ability  Gramian  (4.4  5). 


4.4.1  Output  projection 

When  foe  number  of  output*  of  foe  system  (rows  of  O  is  targe,  the  algorithm  described  in  sect  wo  4  4  can 
become  intractable.  The  reason  for  this  is  that  it  involve*  one  simulation  of  the  adjoint  system  (4.4.13)  for 
each  component  of  v,  foe  dimension  of  which  u  the  same  aa  the  number  of  outputs.  Thi*  number  U  often 
large  in  Quid*  systems  where  a  good  model  needs  to  capture  the  response  t  f  (be  entire  system  to  a  green 
opt*  (C  »  f)  To  overcome  tbs  problem,  Rowley  (2005)  proposed  a  technique  catted  omtpwt  projrcitrm,  in 
which  die  output  y  of  (4.4. 1)  is  projected  onto  a  small  number  of  energetically  important  modes  obtained 
using  POD.  Let  the  columns  of  8  €  R*‘"  consist  of  the  leading  at  POD  modes  of  the  dataset  consisting  of 
the  ostipwu  obtained  from  an  impulse  response  of  (4  4  ]).  Then,  for  foe  ptnpose  of  obtaining  a  reduced  order 
model,  the  output  it  approximated  by 


r«ee*Or, 


(4.422) 


where  ©9*  »  aa  orthogonal  project**  of  the  output  onto  foe  fim  m  POD  modes.  The  resulting  output 
projected  system  b  optimally  doae  (in  the  l J -sense)  to  foe  original  tystem,  for  an  output  of  fixed  rank  m. 
U'ith  this  approxuturioa,  only  m  ad  oun  simulations  arc  required  to  approximate  the  observability  Gramian, 
refer  to  Rowley  (2005)  for  details.  The  number  of  POD  modes  at  far  output  prelection  is  a  design  parameter 
for  instance,  one  might  choose  this  so  that  foe  first  m  inodes  capture  at  least  90%  of  the  output  energy.  In 
the  rest  of  (his  druertsiwa.  foe  models  resulting  from  fob  approximation  of  foe  output  are  referred  to  a* 


The  reduced-order  model  of  foe  output-ptqjedod  system  ts  Acs  given  by 


h  •  'TAG*  *  'TBm,  (4  423) 

/  •  eecoo  (4  424) 
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4.S  Extensions  of  BPOD  to  unstable  systems 

The  technique  described  in  foe  previous  section  b  valid  only  far  stable  systems.  Thu  is  easy  to  sen,  as  the 
technique  involves  computing  foe  response  to  an  impulsive  in per  from  an  actuator  (or.  for  foe  adjomt  system, 
front  the  sensor),  and  for  an  unstable  system,  fob  response  blows  up  bt  this  section,  wr  describe  how  le 
extend  foe  method  for  unstable  systems.  Further  details  rtuy  be  found  m  Abuja  (2009)  and  Abuja  &  Rowley 
(20106) 


4.5.1  Exact  method 

Wo  briefly  describe  a  modal  reduction  procedure  using  foe  balanced  tnmcatiou  method  for  mutable  sys¬ 
tems  developed  by  Zhou  ct  al.  (1999%  The  eigenvalues  of  A  are  asatimcd  to  be  anywhere  on  foe  complex 
plane;  except  on  foe  imaginary  axis.  For  unstable  system*.  foe  imqgrab  m  (4  42, 4.4  J)  arc  unbounded  and 
hence  the  Gramian*  are  ill -defined.  A  modified  technique  was  proposed  by  Zhou  rl  al  (1999)  baaed  on  the 
Mowing  frequency -domain  definitions  af  foe  Gramiaat: 

r,  rn  J-J~  Om/  -  A  J  ^Br{ -jml  -  d*)’1  Am,  (4.5.1) 

W.  -  ±f  {-Jcx/-A~l  'rajvt-A)  'dm  (4J2) 

By  using  Pararvei's  theorem.  It  can  be  shown  that  for  stable  systems,  foe  frequency-domain  dcfioiltocn  (4.5  1, 
4  5  2)  are  equivalent  to  foe  tmse-domaui  definitions  (4  42,  4  4  J).  The  model-reduction  procedure  of  Zhou 
et  al  (1999)  begins  by  fast  transforming  the  system  (4  4. 1)  to  coordinates  in  which  the  stable  and  unstable 
dynamics  arc  decoupled.  That  ix.  let  T  £  R*  be  s  tranaformatioa  sodk  that  if  x  **  Ti,  die  system  (4.4.)) 
transforms  to 


-Jffl-ft  3-0- 

r-(C  G)i 

Here,  .pandit,  are  such  that  all  their  etgenvahtes  are  in  foe  right-  and  lefl- half  complex  planes  respectively, 
while  f,  and  /,  are  foe  corresponding  states.  In  foe  applications  (hat  we  consider,  r.  w  tow -dimensional 
with  (9(10)  stales,  while  I,  it  stOl  very  large  Next,  denote  foe  corttroUabUey  and  observability  Grenuan* 
eorrespoodtng  to  foe  set  [A,,B,.C,)  describing  foe  xtabfc  dynamics  by  BT  and  XT'  respectively.  Similarly, 
denote  the  Gramian*  corresponding  to  foe  Kt  {-A*,B.,C.)  by  *7  and  W J  The  Grxrr  ar  of  for  original 
system  (4,4  I )  are  focn  related  to  those  corresponding  to  foe  two  subsystems  by 

r- £)r  <4*5* 
and  r.-(r-‘r  ®;)  r  ‘.  (4-5  6) 


(4J2) 

(4.5.4) 


mtm  -vioastatcxaat r wOandbwdk tcifoenrigtnaii w— ogrvenby |u0^.  w^lfp'so. Farobacrvnbility, 
If  foe  system  (4.4.1)  is  started  with  an  initial  condition  U  and  with  no  control  input,  the  sum  of  foe  output 
energies:  (a)  excited  an  foe  amble  eubtpaoe  of  d  In  forward  time  l  «  (0,-,.  and  (b)  excited  on  foe  unstable 
aubcpacc  of  A  in  the  time  interval  t  m  (  —,0),  h  given  by  |yt^  *  xJRV»»- 

Tbe  properties  of  balanced  truncauon  for  stable  systems  described  in  section  4  .4  extend  to  unstable  sys¬ 
tems  aa  well;  foe  reduced  system  it  guaranteed  to  have  no  eigenvalues  on  foe  imaginary  axi*  provided  fool  the 
balanced  model  b  not  truncated  between  two  equal  genendusd  HSVr  Also,  foe  error  bound  (4.42)  holds 
for  unstable  system*,  but  wnh  foe  tone-domain  impulse  response  C{t)  replaced  by  Its  frequency -domain 
counterpart  C{m)  (which  »  foe  transfer- fimctlon  from  «  to  y).  This  is  because,  for  unstable  systems,  C{f) 
grows  without  bound,  however,  foe  —norm  b  wett-defiasd  if  the  transfer  function  C{t)  is  used. 

A  disadvantage  of  reducing  an  unstable  rystem  based  on  generalised  KSVi  is  foal  an  unstable  mode,  if 
it  la  alreo«  uncontrottabts  or  unobservable,  ought  get  truncated.  Thai  foe  reduced  model  witt  not  capture 
all  the  instabilities,  which  might  be  undesirable  for  control  In  foe  next  section,  we  develop  an  qtproximate 
algorithm  which  diflcn  from  the  approach  of  Zhou  a  aL  (1999)  at  this  respect;  foe  proposed  method  treats 
the  unstable  dynamic!  exactly  and  obtains  a  reduced  model  of  foe  stable  dynumuc*. 


4.52  Approximate  method 

The  approximate  balancing  procedure  described  in  section  4  4,  which  b  essentially  a  snapshot -based  method, 
docs  not  extend  to  unstable  sytaorei  since  foe  impulse  responses  of  (4.4.1)  and  (4.4. 13)  are  unbounded.  We 
could  consider  applying  foe  algorithm  to  foe  two  sub-systems  ghen  in  (4JJ%  but  foe  trsnaformatsoo  T  that 
decouples  (441)  itself  is  not  available.  However,  when  foe  dimension  of  foe  no  table  sub-system  is  small 
we  show  that  it  b  not  necessary  to  compute  foe  entire  tnanforotatioo  T  and  it  is  still  portable  to  obtain  an 
approximate  balancing  transformation.  Here,  we  present  an  algorithm  for  computing  such  a  transforma¬ 
tion  and  also  show  that  it  essentially  result*  m  a  method  that  is  a  vjruat  of  foe  technique  of  Zhou  «t  aL 
(1999)  presented  in  section  4  5.1  The  idea  behind  foe  algorithm  is  to  fim  project  foa  anginal  tyrtem  (4  4  l) 
onto  the  still  htgh-dunenmonai  staMe  subtpace  of  A.  Then,  one  obtains  a  reduced -order  model  of  foe  pro¬ 
jected  system  using  fo*  snapshot-based  procedure  described  in  aeOion  4.4.  The  dynamics  projected  onto  foe 
tmstable  xubrpsce  can  be  treated  exactly  on  account  of  0*  low  dimensionality 

We  aaaume  that  the  number  of  unstable  eigenvalues  n.  b  0(  10)  and  can  be  computed  numerically,  say 
using  foa  computational  package  ARPACK  dcrolopod  by  Lohoucq  «  *1.(1998).  Wc  farther  assume  foal  the 
bates  for  foe  right  and  foe  left  unstable  cigcmpaces  <t>,  Y„  €  K"s  can  be  computed.  For  foe  algorithm, 
we  need  foe  following  projection  operator  onto  the  stable  subspace  of  A  . 

F.-f-«Vr„  (4.5.7) 

where  to.  and  V.  have  been  scaled  such  that  —  t*.  Wfc  use  Ihs  operator  F,  to  obuia  the  dynamic* 
of  (4.4. 1 )  remthctod  »  foe  stable  tubqmcc  of  A  to  fallow*; 

i,  ■  P^tx.  Fr#»i,  1*  5  I) 

T»  m  C?*r,  (4-5.9) 


A  tvstem  it  sax)  to  be  balanced  if  tu  Granaana  defined  by  (4  5  5. 4  5. 6)  are  equal  and  diagonal,  m  whak  case 
the  diagonal  an  trier  are  called  foe  gvnerofrzMf  Hanket  singular  values.  A  reduced-order  model  s  obtained 
by  truncating  the  states  with  small  gcncralued  HSVt 

A  physical  interpretation  of  foe  Gnmiatu  (4  52,  4.5  6)  was  also  given  by  Zhou  et  al-  (1999)  and  a 
a*  fallow*.  The  sum  of  foe  minimum  input  energies  required  to  drive  foe  system  from  foe  on  gin  at  time 


whore  x,  -  Tjt  €  R*  The  adjomt  of  (4J.*,  4.5.9)  is  foe  same  a*  foe  dynamics  of  (4  4. 13,  4.4  14)  restncicd 
to  foe  stable  subspacc  of  A‘  ostag  fa,  and  is  ftvcB  by 

w,  -  BT,Z„ 


87 


II 


(45.10) 
(45  11) 


wtssre  U  •  T,J  4  *"  Then,  «  shown  w  Appendix  A  of  Ahp  (2009),  balancing  Ac  stable  pan  of  At 
Grwtum  W,  and  IF,  defined  In  (4  J  5, 4  5.4)  (balancing  0?  and  9?)  it  Ac  line  as  balancing  Ac  Greruans 
of  Ac  noble  rotwyrerm  (4.5*  4*9) 

We  we  Ac  procedure  of  section  4  4  to  obtain  >  tramfonmcion  An  balmtccs  Ac  Gramiana  of  Ae  stable 


aubrycion  (4  3  *.  4  5.9)  We  Dm  compute  the  state-unpulsc  reapuosc*  of  (4.5  K)  and  (4  5  10)  and  stack  A* 
recoiling  snapshots  i,nd%n  camcn  X,  and  Z,  wapcctivgty.  As  a  (4.4.19),  we  compote  Ac  smgulm 
value  doconpontioo  of  T,X,  and  um  the  expressions  (4  4.20)  to  obtain  the  balancing  mode*  O. and  Ae 
anoint  nodes  Tr  where  again  The  reduced-order  model)  arc  obtained  by  expressing  the  state  i 


POD  mode*,  of  Ac  data  are  confuting  of  Ae  outpms  horn  an  anpube  response  of  (4*t»  4*9)  IT  Ac  POD 
modes  arc  represented  as  column*  of  Ac  matrix  6)  €  If**.,  Ac  output  of  (4.4  ])  a  approximated  by 

y  •  [cy  ?,)  -  e,e;c7.)x  -  c*.  ^  e,e;cu,  (4.5.17) 

Finally,  with  Ae  state  *  expressed  by  Ac  morki  opnarn  (4)  12),  Ae  output  of  Ae  reduced-order  model  (4.5.15) 
i*  givaoby 


,-(c*w  e.e;co,)  (£j 


(4J.lt) 


where  «,  £  R*  and  4  €  R  Substituting  (4.5. 12)  in  (4.4.1)  and  pre-ntukiplyrng  by  9^  and  9*.  we  obtain 

£■?(:)*  (T&  ££)  (:)  *  (£)*■  <«  »> 


y-qA^.-A^,)«(CA.  OA.)«. 


(4J.14) 


Now,  siaco  Ae  wamble  subspacc  k  invariant  (range  .<«».)  £  «pan(A,))  we  can  write  4A,  •  0»A  for 
remt  A  €  and  osmg  Ae  properties  of  ctgcnrectorv  we  Hare  T'.tA,  -  ’P'A^A  -  0.  Similarly,  it  can 

be  shown  that  T^tO.  m  0.  Thus,  the  emu  terms  m  (4.5. 13)  are  aero  and  Ae  reduced-order  model  t* 

$-rr*  ^».)  (:)-£)*• 

*(*  i.)  (:)-©•  <**“> 

y-C(A.n.^«>.u.)*  (£,  £)«.  (4J.lt) 

The  procedure  described  so  for  to  obtain  the  reduced-orda  model  (4  5.15.  4.5  14)  is  related  to  Ae  proro- 
dure  ef  Zhou  etaL  (1*99)  described  to  section  4J.1.  h  can  be  Aowu  Aw  Ac  tsansformaboo  that  balances 
lh*  Gonmao*  defined  by  (4.5  J,  4  5  4)  results  in  a  system  to  Which  Ac  uosuble  and  suMe  dynamic*  are 
decoupled.  FurAesmore.  Ae  making  stable  dynamics  are  Ac  war  as  those  given  by  Ac  equation*  de¬ 
scribing  the  «, ■dynamics  of  (45.15)  The  difference  is  that,  m  our  algonthm,  the  unstable  dynamics  are 
not  balanced,  while  drey  are  an  Zhou  et  al  (1999)  Further,  our  approach  does  not  explicitly  compute  the 
stable  subsystem  4*  uncx  it  is  not  tractabk  for  large  systems  A  AtadwUsgc  of  Zhou's  approach  k  that 
an  unstable  mode  might  be  truncated  resulting  in  a  model  which  docs  not  capture  sE  Ae  mutable  modes, 
which  is  uodrsmbie  for  control  purposes 

4*3  Output  projection  for  Ar  stable  subtpacr 

For  systems  wtA  n  large  number  of  outputs,  Ac  number  of  adjo*i  nmuiaUm*  (4.5.10)  can  became  re¬ 
tractable:  however,  the  output  projection  of  section  4.4  I  can  be  readily  extended  to  unstable  systems.  In¬ 
stead  of  projecting  Ac  entire  output  y  onto  POD  modes,  we  first  express  As  state  x  •  x,  -  x„  where  x»  w 
(/ -F,V  and  a,  «R*s  are  projretMna  on  Ae  unstable  and  stable  subspaccs  of  Xtespncuvely  Wewmiarty 
express  Ac  output  sa y  ■  CO. -*»%),  We  Acn  project  the  corepooant  y,  onto  s  *m*U  number  of 


4*4  Algorithm 


The  stops  invoHmd  ai  obtaining  reduced-order  modekof  (4.4.1)  for  Arcane  wiA  a  large  number  of  oulpum, 
can  now  be  summaraed  as  follow*. 

1.  Compute  Ae  unstable  eigemcctors  A,  and  Y.  of  Ac  tioereuted  and  adjoint  systems. 

1  Project  Ae  origuvl  system  (4.4.1)  onto  Ae  subspscc  spanned  by  Ae  ruble  eigenvectors  of  A  In  Ae 
direction  of  Ac  unstable  eigenvectors  of  A  to  obtain  <4*4.  4.5  9)  Compute  Ae  state  and  output 
mpoosci  from  an  itnpoke  on  each  repot  of  (4  J.S)  and  stack  Ae  amar  mapsfwet  (x.K))mn  macris  X- 

*  Assemble  the  ranking  output  snapshots  {*,(»,)).  and  eorngnm  Ae  POO  rnodre  ft,  of  Ae  rerobing 
dataset.  Three  POO  modes  we  socked  as  column*  of  0„ 

A  Choose  Ae  number  of  POD  tnodn  one  wane*  to  use  to  describe  the  output  (4.3.9)  For  instance,  if 
10%  error  t»  acceptable,  and  Ac  first  m  POD  modes  capture  90%  of  Ac  energy,  then  die  mpput  ts  the 
velocity  field  projected  onto  the  first  re  modes.  Thus,  die  output  is  represented  a*  r,  re  0,’Cx,. 

5.  Prefect  dec  adjoins  system  (4.4.1),  4  4)4)  etres  Ac  wbspace  spammd  by  Ac  stable  eigenvectors  of  A* 
A  the  direction  of  Ae  unstable  eigenvectors  of  A'  to  obtain  (4.1 10,  4 J  1  ])  Compute  the  (mate) 
respouse  of  (4  5.10)  starting  wiA  each  POD  mode  0,  aa  Ae  initial  condition  (one  simulation  fin  each 
ef  the  Am  «  modes).  Stack  the  snapshots  (s,(i,)}  in  a  matrix  Z, 


t  Compute  Ar  singular  value  decomposition  H  -  Z,*^  re  U&K:  let  (/,  and  ft  b*  Ac  leading  r  columns 
oftt  end  ft  and  let  €  IT' *  eeotare  Ac  lerefiog  rows  and  ootmaos  of X* 

7  Define  balancing  modes  pf  and  Ae  ourmpooding  adjoint  modes  Y]  aa  eoHrema  of  the  matrkos  A, 

*,-J tftZr'*\  (4J.I9) 


4  Obtare Acre* 

rced-ordor  model  wdpg  (4*  1 S)  which  can  be  wnoot  as 

(4JJ0) 

>-  (<X  €,)•“£*  where. 

(4JZI) 

-(:)• 

(4J22) 

4.-n4A W.  fL-n#.  d-CA. 

(4.5.23) 

c  -  0,0:00.. 

(4.SJ4) 

*9 
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When  the  output  k  Ae  enure  son*  nr  C  ■  /.  A*  entire  field  ores  he  reoomsrecied  by  nuanureg  Ae 
eoeffuneats  of  the  unstable  modes  a.  sod  the  POD  modes  0,  of  Ae  stable  subspacc  That  k.  the 
output  (4*21)  osn  be  repr  resend  as 

£•4.. 

FbreRy.  if  Ae  mure!  not  %  k  known,  Ae  Wtiaf  condition  of  (4*20)  can  be  obtained  using 

-»-(*.  ▼,)*%.  (4J.27) 


(4JZ5) 

(4JJ6) 


4*  Extensions  of  BPOD  to  unstable  limit  cycles 
A  order  to  enrerol  vans  shedding.  Ac  techniques  of  the  previous 


need  to  bee 
end  k  the  subject  of  the  c 


it  convenient  A  consider  afarrrrcwmte  ryorswu,  which  may  be  viewed  at  a  temporal 
vice- Stokes  equations. 

A  particular,  we  consider  linear  discrete- time  periodic  system*  of  Ac  form 

a(*4-l).d{*).<4).f(4)n(*);  **)-C(*W*),  (4*1) 

wiA  stele  a  €  C*.  input  »  t  C',  output  y  €  C*.  and  f -period*:  matrix  coeOWireiu  ),F(  ),q  ).  The 
nnatuon  matiu  re  (4.6. 1)  k  >*  4{J  -  1  )4(/  -  2)  A {l)  lor  J  >  I.  where  F{U)  m  /...  Pwiodicky 
mylics  that  Ae  eigen* alms  of  Fy,T>ft  we  redependant  U  J  The  mrwmQy  areblr  caw  where  Ae  spectra] 
mAut  p[^j»r *  I  will  be  discussed  later.  For  now.  assume  the  system  k  exponentially  noMr,  Le. 
PiF{ /»rjd  <  I-  The  rnrewBefiifty  and  rkmeldy  Grwmans  of  (4*1)  are  then  wcQ  defined  and  are 
T  period*  m  J  (Vhrga  2000) 


LTl 


4  Hfimt  procodnre  (Meyer  A  I 


s  1975)* 


(4*3) 


(4.4.1)  A  r  Aput-owput  CVO)  equtvxicm 

wiA  /•  I ...  .  f,  where  f  II  Ac  time  variable,  /  parametcruts  the  UAcd  ryatems.  tbe  state  tyf)  »  x(/  -*•  /T) 
npled  ftom  (4.4. 1 )  Ac  anginal  reputs  end  outputs  over  each  penod  ere  arranged  as  C*T 
vectors  4.(f)  •  +1T + snd^(f)  » \v(J +tT  —  f)\l^ .  and  Ac  definitions  of  Ac 

^  Ct  and  bf  readily  follow  fiomAevunatkms  of  panmeten  formula  m  (4*1)0^. 

4  lability.  Ae  eontrollabslrty  and  observability  G tamtam  of  the  /A 


and  C*r  column  rectors  *j{l)  • 
lifted  LTl  system  are 


The  follow  tag  si 


^  - 1  m;)‘ 

stbe  periodicity  of  (4  4,1) 
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(4*4) 


»ui>-  r.</)  oref  #).  - 

Proposition  4.)  enables  us  to  enjoy  the  bets  of  both  worlds:  Whereas  lifting  enables  an  appeal  to  LTl 
balanced  tnmeation  re  Ae  lifted  domain,  aa  discussed  through  Ae  n 
latinos  can  be  earned  m  Ar  ongnrel  periodic  setting,  where  Ac  d 
are  much  lower  p  and  g  instead  of  Tp  and  7>. 

4*1  Factorization  of  empirical  Cramiam  miag  snapshot-based  matrices 
A  snapshot-bawd  methods  (LaB  ct  aL  2002.  Rowley  2005) ^the  exact  Grammas  are 


a  m  (4  4.2) 

Vetneat  A  KadaA  1983,  Sbokoebi  at  al  I94))at  ■  finite  at  <- 


—l  - 

W  *• '  1 1 1  W^*CW*V 


(UrebAoui  A  Vkn  DrormiJOot 


14  4J) 


an  appeal  to  Proposition  4 1 

a  4*  Amme  sfcor  $he  Outer  periodic  system  (4  A/>  b  nponentmlfy  twhU  mtdki  at  brow  nsragMe 
multiple  nf  tk*  ptnod.  m  re  IT.  Then  the  Mbwaty  induced  mm  error  ho ink  hofif. 


giro) 

tKU\  r,q. w)j 


l^.WI 


(4*4) 


Proposition  4*  &***<  ,/ a>  1 . .  dronw  Ar  coAreut t/A  <Wlri^  €C—  bedtjMm 

.,^0-re). 

-») . *“(/-*)] 

jbra*dy*l,...J  mddrr  kortsm  Inrgtk m.  FtmMp  define  ike  asa 

Z(/.w)  .-re  «C— 

T*m  VJf.m) 


Aa  illustrated  ut  Figure  4*!(a)  Ae  cohim its  of  are  mapthots  of  h 


Urea  of  Che  sysusn  (4  L I)  justifying  the  « 

.  )(c4-  r^-vret)).  c 

times  J  -  kT,  4*0,.  ,  /  - 1  sfinpcwki 
f •  I,  r.aaswtMf re-rr  AtoaLF/ta 


•  r-perredicity  nf  A( )  • 


observe*  that  A*  ar  columns  of  J^°(arj)  are  sample*  st 
lataO-rerer)«J»'l(/  ree-f  1) 
P-tiueijrUm). 


!*0 -»*)!'£. 


time*  t(j  -m  +  1)  t(j  -  m  +  T) 


clCU»H»>0’it'> 

jte-iCO  +  m-Tr  re¬ 

tiree  »  fQ  +  1)  *(j+T) 


(«) 


(&) 


impulse- response 
simulation* 


‘0-0  ‘0) 


T  adjoint 
impulse-response 
simaUtions 


t tj  +  m  - 1  )  t{J  +  **») 


Figure  44.1:  (*1  The  7  impulse-response  «anuUuocu  corresponding  to  the  /  th  control  top*,  (b)  The  T 
adjoint  impuisc'-response  limulatioiu  corresponding  to  the  Mh  adjoint  control  input 


PropctlbM  4.4.  UtC*,  /-  dreoar  Oh  row  «/C,  rorf/rf  F<0  4  C**"  h*drfintdai 

^.-^1/^—2)* . cc/r* 

/br«xAy  a  I,. .  ,T  W*r  tmtriuxm  ftmgdt  m  Ftmotty,  Arf 

rcr.a.)  •.*  . cc— •. 

A«  rw(/.*) .  r  (/.#*)  ro.*«r 

A*  Uitotntod  m  Figure  4.6  l(bV  7X/.  »*)  Can  be  obtaned  from  wntUtmm  of  the  rafoMt  ntw 

*k~l) -!?(*)*<*)- (4.6.7) 

where*-;  ..y  ~ar  -  1. 1  €  C.  v€  :»  A2J  +  m-k- !)e  and  C(k)  s-  C[l)~m  -  *-  1)  By 

periodicity.  7>  ad/ottf  stmulationm  and  in  total  my  snapshot*  taken  M  time  >  -  IT,  4  *  l,,..  ,/  are  needed 
to  construct 
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Fu  a  Uidc  I  <  y  <  T  Justified  by  Proposition*  4  J  and  4  4  and  Lemma  4  2,  let  JT(/.e t*)  *nd 
be  computed.  allowing  m,  yt  m».  as  (acton  of  the  cmprrwal  Gramiata  By  Propow 

lion  4.1.  they  can  be  also  wed  at  beuwt  of  the  empirical  Gramians  of  the  J- th  f^ed  system  (4  63),  The 
method  of  snapshots  presented  «  Rowley  (2005)  then  Wads  to  appro*  imale  balanced  truncation*  in  the  lifted 
LT1  retting.  as  follows:  Compute  the  SVD  F(/.  *.)*(>.*,)  -  LIT  and  the  trnrwformauc®  ♦.  T  th* 
moerfr  balance  the  empirical  Gramians  of  the  Sifted  lymat 

♦  - jr(/un,)KI  ri/.m.JLT-**  (4.6.1) 


Let  ♦„¥,  be  the  ftrrt  r  columns  of  <t>  and  M\  comprising  the  leading  bt-orthogooal  balancing  and  adjoint 
modes  of  the  y-th  lifted  lyum  (  Note  that  to  simplify  taxation.  the  dependence  of  ♦.  T.  ♦„  Y,  on  y  is 
suppressed.  )  The  reduced  stale  i,(f)  tPn  defined  by  the  ptujadioo  g/t)  -  f{t)  -  Y^m\J -iT)  and 
the  estimated  full  data  x{J-+lT)  **  ♦J>(r)  The  reduced  model  of  order  r,  m  the  lifted  setting,  reads 


M-C&fjM+AAU). 


(4.6.6) 


LO  equivalence  of  (4.6.1)  to  the  lifted  (4  6.3)  means  that  the  reduced-order  system  provides  the  sought  VO 
approximation  of  (4.6. 1 ).  Sow  shat  improved  numerical  stability  of  the  computations  above  can  bo  achieved 
by  firdrsrpreoentwg  each  of  the  (actors  X[f.  et,)  and  Ylf.m.)  in  wrbs  ofloading  orthogonal  bases.  obtained, 
e  g.  by  SVD  or  by  Krylov  method* 

We  corn  meet  in  closing  on  die  possibility  to  *uo-liflT  the  rctfoced -order  ufted  system.  An  ducuoed 
m  Varga  (2000).  the  exact  (Inmans  solve  an  allied  periodic  Lyapunov  equaboo.  thus  providing  an  exact 
periodic  balancing  and  an  *1»-lift*d"  balanced  truncation  in  the  periodic  setting.  Using  the  method  of 
snapshots.  There  are  two  computational  shortcoming  to  ins  approach  in  die  cum**  problem  Fin*,  the 
computational  burden  is  high  when  f>l.  Second,  the  truncated  emptneal  Gramiam  used  here  do  not 
fixtn  an  exact  solution  of  the  periodic  Lyapunov  equation.  Un-Ufting  is  nonetheless  s  simple  task  if  the 
halancmg  myihmai  ts  limited  to  dw  periodically  sampled  n  mm  <>e_,  to  a  Ufted  system  for  one.  fixed  y). 
The  following  inductive  procedure  a  one  possible  solution.  Fix  <&j, <t>,  and  T(J  a-  7  f)  Let 

f{J  *  0  be  the  nuik-r  orthogonal  prpjoctioa  on  Sm{F,Jti and  let  ♦(>*/■*•  1)  -  Y(y-/)  «  C",f. 
i  —  0, — ,T  2.  satisfy  ^C/+/)  -  ♦(y-t- Then  a  periodic  realuarion  of  the  toduord  order 
fs-stem  is  defined  with  A,(k)  *r[kyA(k)*{k),B4k)  andCf*)  C{k)+{k). 


44J  Onpst  prajrrtton  method 


The  computations  delineated  above  require  act  untenable  number  of  adjoint  simulations  when  very  high 
dhnssifionat  wpan  me  oaewdered.  tg,  when  the  output  is  art  identical  to  the  stale,  such  that  one  can 
use  sue  response  data  in  design  of  an  optimal  oontroflcr  (e  g.  linear-quadratic  regulator)  or  to  malyzc 
system  dynamics  in  detail  la  the  LTl  case  Rowley  (2005)  proposed  to  project  die  output  oo  the  (Sew) 
leading  POD  modes  of  the  dataset  formed  by  the  impulse  response  smwiaiions.  Thus  one  invokes  the 
klmrmaric  significance  of  POD  modes,  to  reduce  (he  diraennoo  of  the  output  space,  but  avoids  the  weakness 
of  standard  POD  models  that  use  them  as  Ateumic  state*.  Herr  wc  extend  the  output  projection  method  to 
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The  t/O  map  of  the  j-th  lifted  LTl  system  (4.6J|  it  detenu 
roqaw  matrices  {£//))  The  eaympiq/omn/  lifted  system 


d  by  the  Tf  x  Tp  d 


(4  A 10) 


b  designed  twbeu  sppwmmaie  the  mcact  impulac  icspimm  of  the  original  Ufted  lyntesn.  Ideally,  the  low  -rank 
orthogonal  projection  matrix  A  should  thus  satbfy 

iP/S^lVr-*  / 


where  b  the  space  of  orthogonal  projections  af  rack  rm,  <  Ty.  Wha  the  Frobennia  norm  ||  Hr  ** 
used  in  (4.6.  II),  it  becomes  a  standard  projection  problem.  Its  solution  ia/y  where  the  column*  of 

6/  are  the  leading  POD  modes  of  the  datasets  (6/(l))Z«- 

As  described  abase,  the  optimal  Pt  m  ycoctvcafty  a  fidt  matrix  Thus.  «  />?/(<)  «*  no  longer 
the  lifted  representation  of  the  output  of  a  periodic  system,  and  the  projected  system  cannot  bo  "ua- lifted" 
Rather,  for  each  I,  the  value  of  ?,(()r  it  determined  by  the  anginal  response  along  an  entire  period.  In 
particular,  wetoac  the  ability  to  compute  the  Gnrmao  m  the  original  periodic  setting  To  avoid  this  problem 
wo  impose  on  (4  6. 1 1)  the  additional  condition  (hat  the  projection  baa  a  block  diagonal  form 

^-tfiagl//!).  fAT)  J  (4.6.12) 

when  each  y  *  y  diagonal  block  b  a  rank  orthogonal  pnyectioo  with  —  r^7  Thu  enable*  to  un-lift 
the  projected  Ufted  system  (4  6.10)  to  an  orntpu-profrclett  ttmv  ptruuic  mtrm 


(4  613) 


where  the  7 -periodic,  rank-r^  orthogonal  pwjecttoa  F  it  defined  by  P{j~i7—l)  -  P(y*i)  /y(l  — 

1).  1-0 . T  —  1.  TW oortitnined  optiinizatton  problem  (4 6 1 1>(4.4.12)  »  artvod  as  wi  equhrakut  set 

of  unconstrained  problem*  In  the  periodic  setting.  Invoking  the  correspondence  of  the  7,  y  x  pT  dunemional 
blocks  of  G(J  *■  t7 -»-/.y).  i  —  0.  .r-l,  to  the  Impalae  reqaaore  oT(46.t),  as  detailed  in  Bamieh 

A  Pearaoa  (1902V 


ft  reposition  4  J.  Utmg  the  froAenbn  amsi  t 
amt  (4  A 12)  t»  ryabsafrto  to  t* 


^(1*1) 


frtu.  (±  G[j-»iT+i,j) 

l^tKXJ  V-e 

-A(iwi)C(ywr-<j)|^. 


firl-0..  .r  -  L 

Ptnof  By  a  reduction  to  a  standard  projection  problem.  □ 


The  computer*  -  of  the  stnacturafty  cnartsamed  optimal  ^  of  the  form  (44.12)  b  thus  reduced  to  7 
unconstrained  opttmiaboe  problems  for  each  P(k).  *  —  J,  ,y-*-T  I.  in  the  periodic  setting.  Following 
standard  POD  rationale,  the  soluuom  are  Pi,k)  -  €K*  >©<*)*,  where  the  cohimns  of  0(*)  are  the  leading 
POD  modes  of  the  dataset  {G'rf -*-*.>)}, lo.  and  the  jppawanatxm  error  between  the  output- proyoesed 
system  and  the  original  system  is 


»•/  *— a 


where  for  each  i.  „X((^  a 


*4un'£L*G{lT+iJ)G{iT~)J)‘  The 


POD  modes  can  be  computed  by  the  method  of  eapshoti  (Srnmdt  19*7).  applied  to  datasets  comprising 
e  matrices  [C(t7 — Conventently.  provided  that  mt  >  (jr^- 1 JT, 
impute  these  sBMhots  have  already  been  obtained  during  the 


computation  of  as  drscnbotf  in  5  4  6.1.  For  untaoee.  the  mams  tndudes  the  ooli 

of  matrices  {£(/- fT,/))^/ 

The  empirical  (actor  F  (/;■*,)  of  the  corrrsncxxfing  observability  Gramian 


v*U)  -  tr^ctO'eoWQ'CMFM 

*■) 


ts  needed  in  order  to  realize  the  snapshoi  -based  approximate  balanced  truncation  for  the  output-projected 
system  (4.6. 13).  This  is  accomplished  with  only  7r^  (r^  <  y)  impub*  response  sanulationa  of  the  sdjomi 
thne-penodK  system  comiqxwdmg  to  tha  ouqxn-projected  system  (4  6. 1 ))  whom  control  input  is  r„- 
dlmeosinaaL 


o  use  s  single,  bmo-rnvanar*  outpt*  prcyectiort  Under  dm  e 
where  the  columns  oT9  we  the  leading  POD  inodes  of  the  entire 
of  (4  6  1)  This  stronger  coostnu*  anphes  further  reduction  ia 
solution  in  the  lifted  domain 


the  optimal  sdecuoa  is  F  60* 


Following  the  terminology  in  Rowley  (2005).  the  approximate  balanced  truncation  method  for  linear,  Umr- 
pcnodic  -j— —  a  termed  a  fj/W  kmlmm W  FOD.  Its  mam  steps  include 

•  Step  0:  Fix  a  tunc  /.  1  <  J  <  T,  aa  the  time  point  fix  lifting. 

•  Step  1:  Run  Tp  impulse  response  amatotirate  to  obtain  »,/  snapshots  and  form  the  a  x  «,p  dtmen- 

Mona)  )  as  described  m  1 4  6. 1 . 

•  Step  2  Compute  j  «  Ct  6m  stored  teates  in  mutations  earned  to  compute  A’(y;inr).  Solve  for 
the  POD  problems  fix  the  periodically  sampled  vij+tF—i).  to  obtain  (he  output -projection  matrices 
eU+t).im  0,  J  I 


9$ 


4  to  form  foe 


•  Step  4:  Compute  (he  SVD  off  and  the  balancing  mode*  for  (he  tided  system  given 


»  Step  S:  Cot 


s  foe  reduced  lifted  lymem  (4.6.9), 


d  in) 443.  The  reduced  tyiun  can  be tm-kfttod  to ■  periodic  tymern,  eg* u 
tchbed  in  closing  $  4.6.2  A»  m  Rowley  (3005)  m  ahvoa*  dual  vrnioo  of  die  algorithm  address; the 
*  of  a  high-dimensiona]  input  space,  with  only  few  outputs.  Thit  care  is  moavased  by  lyitcnw  susceptible 

A, 


U5  TV  aeutrafly  stable  caw 

Consider  a  trocar  periodic  tyxtem  (4.4. 1 )  that  arum  from  bneururatian  of  a  system  around  an  asymptotically 
Mablc  penodte  orbit  By  Ffoqurt  theory  (t  Unman  I  964)  in  this  c»»<  i;  -  r^j  is  only  neutrally  table, 
due  to  «w  unity  ftgcorelut  duu  correspond*  to  persisting  perturbs!  ora  along  the  periodic  orba  m  the  liw 
earitttwn.  Balanced  truncation  citnot  be  dtncUy  applied  to  a  neutrally  stable  system,  as  the  infinite  sene* 
raud  to  define  GrauMsns  may  diverge. 

Abuja  St  HowWy  (3009)  presented  an  extended  vmton  of  balanced  POD  for  unstable  LTI  systems  that 
have  smalt  unnablt  dimension*.  Following  the  idem  presented  in  Zhou  et  aL  (1999),  it  decomposes  the 
system  dynamics  into  arable  and  unstable  para.  Then  ft  app l»e  approximate  balanced  trancatioo  to  tW 
stabk  dynamics  while  keeping  the  unstable  dynamics  exactly  Thu  method  a  conceptually  applied  here 
to  periodic  systMM  through  the  UAed  tctimg.  wnh  aQ  computation,  executed  m  the  periodic  setting  Fust, 
for  a  given  lifting  time  j,  define  a  projection  onto  the  stabk  tuhspnee  £'  (if)  by  P>  •  h-m  -  ^  »V»* 
*t,9,  <C  are  the  iefVright  eigenvectors  of-J,  corresponding  to  the  unity  eigenvalue.  Dynamics  of  the 
neutrally  stable  lifted  rystem  (4  6  3)  is  thus  restricted  to  the  stable  subcase  of  if 


(44-14) 


wham  1,(0.  -  ffi/^Y  Lift®*  balanced  POD  can  be  realized  to  this  projected  system  describing  stable 
dynamics.  Let  and  9^  be  the  matrices  including  the  leading  rt  balancing  and  adjumt  modes  of  the 
projected  system  (4.4.14)  TVn  a  reduced  model  of  order  r,  r  «  r,  -  I,  for  the  neutrally  stable  lifted 
system  (4  6  5)  can  be  obtained  in  the  form  of  (4.6.9),  where  now  dv  ■  vj\  T.  -  j’FJ,  zfc 
TW  reduced  sysSam  keepa  the  aac-fomenatonal  neutrally  Stable  dynamic*  exactly,  while  the  exponentially 
•table  dynamics  is  reduced  to  the  order  off*. 

Numerically,  the  neutrally  stable  eigenvector*  of  lt  can  be  calculated  using  a  Krylov  method,  or  even 
thr  power  method-  By  nmnmg  a  control-free  tonolaucn  of  the  periodic  rystem  (4.6.  J)  with  an  arbtnwy 
Initial  condition  iy  f  P  (/I,),  one  can  approximate  v,  by  xfj*  IT).  with  a  large  /.  Similarly,  a  long-time 
control -free  rimManon  of  the  adjoint  periodic  system  (4  6.7)  b  needed  to  approximate  wy.  Then,  whan 
computing  rite  orana formation*  4^  and  for  foe  projected  sysarm  (4.4 14).  one  follows  exactly  foe  same 
procedures  given  in  1 4  6.4  The  only  difference  w  that  intkcTp  simulations  of  the  periodic  systmn  (4  6.1 ) 
described  in  {  44J.  foe  states  should  V  projected  onto  £*  fa)  by  P,  at  time  J  -  m  -  T  TV  simulations 


dm  rrsume  with  these  states  as  new  it 
Hates  should  be  kft-muhipiicd  by  P^  at  time;  7  before  the  romiUboot  resume 

By®  ,  -  S4^^T_,^^SSaE  ... 


444  Numerical  eaampk 

To  ShMiate  foe  balanced  POD  algorithm.  consider  an  exponentially  stable  example  (similar  to  that  in  Far* 
hood  et  aL  (2005))  a  linear  periodic  system  (4  41)  with  period  I*  ■  5.  suae  dimension  a  •  30.  twput 
dimension  q  •  50,  control  input  dimension  p  •  (.and  are  randomly  generated  diagonal  matrioce 

wnfo  diagonal  entries  bounded  m  J®.  1 4,0.46'.  guwwtfrang  asymptotic  natality  TV  nuance*  4(1)  and  0(4) 
are  also  randomly  generated,  with  entries  bounded  in  0,1'. 

Here  we  pick  foe  lifting  uroc"  J  -  I  Choose  a,  *  a,  ■  Jf  *  15  Figure  4  42(a)  shows  the  error 
plots  of  the  tnfmitv  norm.  G  Gr^f  G  _  versus  r.  foe  order  of  foe  reduced  lifted  system.  Here  G,  m  foe 
impulse  response  matrix  of  the  reduced  lifted  system  of  order  r.  We  eee  that  foe  snapehot-baaed  balanced 
truncation  gives  a  good  approximation  of  exact  balanced  ti 

low  orders  of  output  projection  r^.  generates  satisfying  remit*.  Recall  that,  for  the  U 
of  output  projection  iafy»  r^T. 

Figure  4  6.2(b)  shows  comparison*  between  balanced  POD  tesutu  with  foe  san* 
joction.  one  id  bared  on  7-penodic  projection  matrices  along  one  p 
ununaM  projection  mams  (aw  1 443)  For  the  cams  where  r,r  are  k 
identical  results,  or  even  rir  latter  one  gives  better  too  lex  However;  when  the  order  of  output  projection 
r. ,  mcrearev  the  results  bared  oa  7* -periodic  projection  matnees  air  better  than  (hose  by  a  single  projection 
matrix,  as  we  expect. 

This  algorithm  has  also  been  applied  to  a  neutrally  stable,  nroe- periodic  system  obtained  by  bncafU> 
fog  dte  Cinxburg -Landau  partial  diffcreotial  equation  about  its  exponentially  * 
tec  Ma  A  Rowley  (2009) 


‘:’r 


47  Low  »od  least  order  Galcrkl.  models 
4.7-1  Overview 

Without  exception,  feedback  design  requires  a  model  that  predicts  foe  dynamic  response  of  the  subject  ays- 
lam  ovw  a  tune  honroo  (hat  is  sufficiently  longer  than  that  of  foe  controlled  phenomenon.  The  complexity 

input-output  itxmocnoioty.  to  “model  free',  extremum  seeking  scheme*.  In  dissipative  feedback  stabilixa- 
tum  that  require  detailed  prediction*  of  the  umready  phase*  and  amplitude*  la  (here  case*,  modeling  is 
often  foe  single  roost  significant  component  of  a  wcocwful  feedback  design. 

TV  control  of  aerodynamic  force*  over  an  airfoil  iUustraira  both  extremes;  Slow  modulation  of  long 
time  averages  m  attached  flows  a  for  domain  of  tnditaonal  flight  control  Yet  when  the  low  moss  and  saw 
of  a  MAV  narrow  the  gap  between  time  constant*  pertinent  to  flight  and  to  unsteady  aerodynamic*,  feed¬ 
back  control  is  required  u>  tackle  m  altogether  differeea  dyimruc  range,  counteracting  rapid  variation*  in 
for  effective  Reynold*  numbec,  pitch,  yaw  and  roll  angler  Here  foe  modeler  walk*  a  tightrope,  balancing 
precision,  robustness  and  *nnpl(City  requirement*  We  focused  predominantly  oa  low  order  Gskfkin  model* 


Figure  4.42:  Error  tG  -  for  lifted  balanced  POD  approach:  (a)  For  exact  balanced  tmnea- 

Uoo(  )  balanced  truncation  by  foe  method  of  ampsVtt  but  without  output  prejectkmf  \  balanced  POD 
wifo  -  1  (  \  balanced  POO  wifo  rya)  (>)  and  foa  lower  bound  for  any  model  reduction  scheme  ( -) 
All  output  projections  are  T  -periodic  fb)  Time  varying  7" -periodic  output  projections  versus  lime  nvmarst 
output  projccVm:  balanced  POD  wifo  rya|(  ),  balanced  POD  wifo  *  3  (e)  and  balanced  POD  with 
r¥aj  (♦)  Solid  lines  comspood  to  cases  wing  T-pwiodie  projection  matrices,  and  dashed  lino*  isdng 
ooa  single  projection  mattix 


(LOOM*)  and  no  (heir  mu  m  foa  design  of  feedback  Bow  control  To  meet  foe  need*  of  rofftereothr  large 
operational  envelope*  a  major  throat  m  our  groups  work  has  been  (i)  the  kknbficaboa  of  intrinsic  mcoo- 
nstcncict  between  foe  tradtUonal  LOOM  rtruciure  and  practice,  and  flow  pbvwcg  Mid  (u)  foe  utUmlion  of 
ow  obaarvatrona  ns  rise  buddna  of  tnoddkcd  model  renactun  Mid  modeling  methods,  fool  at  ones  remove 
foe  inconsistencies  si  their  roots,  and.  by  design,  meet  the  needs  of  feedback  applications 


(47-1) 


Jtxncnc  flow  control  objactivus  eoncera  a  limited  rang*  of  length  and  tuna  teaks,  caponed  in  foe  cohort* 
flow  aompoaent  uc  Th»  appbaa,  in  particular,  m  foa  unsteady  regulation  of  aerodynamic  forces,  at  foe 
bn«t  of  our  MIIW  project  Deeply  ingrained  iaamunoo  practice  m  foe  view  that  slow  v 


tf  la  al  foe  easenoe  of  achieving  foe  sought  low  modal  order  Perhaps  foe  main  contnbution  of  foe  seminal 
study  by  Aubey  at  aL  (IMF)  «  in  refuting  both,  highlighting  foe  essential  roles  of  maun  Odd  dynamic* 
and  of  robgrid  representations  of  foe  energy  cascade  With  there  observations  as  our  starting  pom)  we 
darned  modified  model  structures  and  new  modeling  method*,  as  cnabkn  for  the  least  feast hk  rornplrxify 
in  effective  accounting  for  foe  dynamic  contribution*  of  u*  and  ^ .  Key  to  our  approach  is  foe  focus  of 
■wdefapg  smmtura  on  flow  phytic*  first  principles  at  foe  Kavare-Saokc*  «potioo  (NSt)  levd 
TV  apparent  soccens  of  aumcroua  LOOM*  a 

y  of  moon  Add  and  swhgrid  model*  Our  answer  k 


Figure  4  7.1:  TV  daft  mods  for  die  cylinder  waka  flow  (.right)  is  foe  normaliad  diflorencc  between  the 
UMUfok  iteady  aoluben  0*ft)  and  the  mean  of  foe  attractor  flew  (cento) 


Figure  4.73:  A  robgrid  axxkl  for  a  LOCM  cortmmi&g  of  the  kadiag  attractor  POD  mode  pair  and  the  dull 
mode.  TV  thr  turbulence  energy  (CMC  ms  -  Vk*.  and  is  wcQ  approximat'd  by  Umring  *  10  foe  squared 
leading  oedttaiMms  amplitude  (left)  A  LOCM  containing  nonlinear  xubgnd  model  (right,  dashed)  dim*- 
uasni  foe  overprediction  of  foe  NSF.  »nractor  (right  solid)  amplitude  and  reduces  the  transient  overshoot  of 
dk  original  LOOM  (rigb)  doOed)  TV  remoiiuag  mismaich  is  Ac  remit  of  mode  deformauou.  a*  dbcuaed 
View. 


twofold:  A  generic  observation  a  that  successful  LOGMa  invariably  do  contain  mgrodicnis  foil  represret 


At  a  mare  rigorous  lew)  in  Tedmor  et  aL  (2010)  we  have  introduced  rankw  **rgy  holme*  motyob 
a*  a  quaaritarive  design  and  analyst*  soot.  We  then  used  that  tool  lo  usevoc-fole  demaraeraie  foe  necemlty  of 
a  dynamic  mean  field  representation.  Fottowmg  are  some  added  detstk 


XltmfitUmoJeb  are  foe  LOOM  etpovalnt*  of  foe  Rrmolds  equation  at  die  NSEWwdL  Wr  frrU  mm>- 
duced  this  concept  in  Noack  rt  a)  (2003o)  where  we  demonstrated  foe  aseresity  for  a  Gaieikio-Reyoolds 
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stmg  ■  hybrid  framework  that  integrate*  mean  field  and  suhgnd  representations  into  the  LOCM.  In  all.  the 
l  no  the  realm  of  LOG  Ms.  mciudmg  mean  field  *<ft 
y  content  of 

suppressed  flow  ©omponenu,  but  for  the  first  time,  are  not  the  time  coefficients  of  spatial,  expansion  modes 
Pint  principle*  mode)  derivation  from  the  NS£  thna  combine  the  Galcrfcm  projection  of  fee  NSE  and  the 


Flgwc  4.7  J:  A  panancmaed  LOOM  enable*  a  near  perfect  prediction  of  the  acceleration  fete*  amplitude 
(left,  solid)  and  the  oscillation  frequency  (center,  solid),  when  compared  with  the  local  Galerkin  projections 
(dots,  both),  successfully  compensating  for  the  residual*  in  Figure  4.7 J. 

mode*  component  at  the  LOGM  level  A  detailed  analysis  at  the  NSE  level.  ia  Tadmor.  Gorraiez.  Lehmann, 
Noack,  Morzymks  A  WSimkiewn  (2007).  Tadmor  el  al  (2010),  emend  both  model  SBucum  and  the 
aforementioned  transient  energy  balance  analysts  Extending  the  concept  of  the  Reynolds  equation  to  be- 
qucocy  filtered  vensona  of  the  NSR,  m  highlighted  and  quantified  the  ereenlial  mica  of  the  b. lateral  mitt- 
play  between  distinct  frequency  bonds  and,  la  particular,  between  **  and  ■*" .  These  analytical  loot  have 
also  been  used  in  deriving  an  ideal  structure  for  the  Gakrkm  Reynolds  equation,  its  stands)  and  fear  inter- 
actions  with  the  traditional.  »t  <cnKre4  LOGM. 


4.7J  Broadband  represents  do*  Statistical  dosare  and  mbgrid  modrh 


the  growing  prevalence  of  mvdtl  cottbnrtHW.  The  tuning  of  model  parameters  by  empirical  data  and,  in 
pamcalar.  tuned  fmoM)  eddy  vircoritte*.  trace  to  Aubry  et  aL  (IWl  Calibration  has  the  aesthetic  short 
«ommg  of  forfeiting  the  ooofidmoe  aoncused  with  the  first  principles  foundation  the  Galerkm  projection  of 
(he  NSL  Perhaps  not  surprisingly,  it  is  also  plagued  by  all  too  commoo  t  of  tuned  model*.  Addressing  this 

This  (brust  had  three  components:  Structural  analysis  of  energy  transfer  mechanisms  at  the  NSE  and 
the  (ideal,  mfimte)  Galerkin  system  levels  Noack  et  al.  2007  2009)  was  our  starting  point.  B  reveals  the 
root  cause  of  failures  in  (he  structural  mismatch  between  the  linear  eddy  viscosity  dissipation  terrafs).  and 
the  triadic  energy  exchangee,  created  by  quadratic  Galerkin  and  NSE  terms,  in  an  exact  representation.  In 
essence,  fee  calibration  of  fee  linear  model  component  fed*  because  the  linear  tern  terms  are  structurally 
precluded  from  mimicking  the  nonlinear  nature  of  the  truncated  energy  cascade.  At  low  and  least  modal 
redos,  a  successful  abend  remedy  must  endeavor  to  match  the  nonlinearity  of  fee  wpprcaied  physical 

The  second  component  of  this  thrust  heed  the  call  to  revisit  rubgnd  Galerkin  t 


stored  energy.  That  fecua  inevitably  reawaken  the  sututical  closure  moo* ter.  where  it  ia  kart  welcome,  cc., 
in  a  tea*  complexity  modeling  context.  Cognisant  of  the  pretracaed  tame*  of  turbulence  modeling,  dating  m 
Kolmogorov,  Onager,  Batchelor  and  Kisichoan,  we  chose  to  start,  dt  mno,  with  an  axiomatic  framework 
and  derived  a  remarkably  simple  closure  theory,  expressly  for  Calerkut  model*  (Noack  et  aL  2007.  2008). 
The  new  frwnewxxk  has  been  validated  ■  systems  tanging  in  complexity  from  low  order  Burger*  equation, 
toa  sa  1500  modes  spectral  compression  offer  3D  homogeneous  shear  turbulence. 

hi  a  feud  oep  we  revisited  fee  intuc  of  broadband  LOGMs  (Tadmer  et  aL  2DW,  Noack  et  aL  2010),  on- 


4.7.4  Mode  deforms  turn,  modal  interpolation  sad  manifold  embedding 

The  *wy  objective  of  flow  control  a  fee  MURI  project,  the  draping  and  orchestrating  of  periodic  eyelet 
of  LEV  shedding  and  regruwfe  over  an  airfoil  at  a  high  angle  of  attack  (AeA)  can  be  naiad  in  term*  of 
.  Thn  example  is  generic  to  flow  twtfroJ  in  general  as  wall  as 
v  as  it  traverses  natural  transamu  and  respond*  to  unsteady  amhieot 

Mottvated  by  earlier  remits  (Gerhard  et  al  2003),  wa  demonstrated  in  Lehmann  at  al.  (2003k  Luchtea 
burg  et  al.  (2006)  both  fee  severe  ddetenous  effects  an  closed  loop  performance  of  ignoring  mode  deforms- 
boo.  and  the  feasibility  of  very  sonpic  remedies,  bared  on  a  paraxtrvxd  model  that  utikaes  a  oontinooudy 
interpolated  mode  set.  That  ta,  the  starting  poun  offer  LOGM  is  a  parametrised  Galerkin  expansion: 

•{*,  f)  re  «*(*,  a)  +  £«,{f)n,(t. «)>  (d.77) 


where  a  €  a/  is  an  exogenous  parametrizauoe  of  fee  operating  point  This  approach  c 
'emu  of  cffiocot  embedding  of  fee  approximated  flow  stats  in  a  km  dimensional  nonlinear  manifold,  aa 
opposed  to  much  higher  dunensimai  embedding  in  the  bo«  Imcar  subspece.  h  is  similar  in  this  respect 
to  fee  framework  of  approximate  martial  manifolds.  Tbs  significant  difference,  and  the  innovation  in  fee 
proposed  approach,  ia  In  fee  munition  from  a  itngie  global  mode*,  in  inertial  warn  folds,  to  fee  milammn  of 


Once  again,  this  approach  stretches  previous  boundaries  of  fee  Galerkin  paradigm,  ha  advantage  is  in 


model  This  approach  it  contrasted,  e  g.  wife  approaches  fern  cover  mode  deformations  by  enlarging  the 
expansion  set,  hence  both  complexity  end  numerical  sensitivity.  Benchmark  studied  tochafed  flow  sepa¬ 
ration  ow  natural  and  actuated  tnmxtem*  ta  flow  separation  ovnr  static  and  pttchmg  2D  airfoda.  and  a 
oounserpart  range  in  2D  wake  flows  (Morzymki  et  al  2006.  Moocyhsb.  Stanlocwio,  Noack.  King.  Thiele 
A  Tadmor  2007.  Morayi  xlo,  Noack  A  Tndmre  2007,  Stanluewicz.  Moezyfeki,  Rouak.  Nowck  A  Tadmor 
2008,  Stankicwicz.  Morxyhdu.  Noack  A  Tadmor  2008)  In  there  articles  we  have  demonstrated,  ia  partic¬ 
ular,  fee  ability  to  effectively  interpolate  expansion  mode*  between  few,  explicitly  computed  expansion* 
The  new  approach  enables  ocar  perfect  si 
traditional  model*  fail 


Design  modes*  typically  target  few  distinct,  albct*  possibly  time  varying  frequencies.  Effective  modeling 
ncy-speeifte  states,  hence  frequency  specific  modes.  We  here  formulated  and 
nnal  framework,  based  on  frequency  specific  i 

c  of  POO  modes,  for  whom  fee  mixing  of  multiple  frcquenoct  in  fee 
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dynamics  icaolred  by  a  single  mode  h  o 
Luebteaburg,  Lehmann  A  Morxydski  (2007).  Tadmc*  et  al.  (2008,  2010)  has  fee  additional  advantage  of  a 
simple  derivation  of  a  nearly  gcudeak  mode  interpolation  echeme. 


4J  Summary 


i.  wa  here  (resented  a  state  of  tools  for  developing  reduoed-order  model*  sf  aamptex  fend 
i  for  designing  controllers  for  closed-loop  flow  control.  The  verswo  of  the  immerred  boundary 
used  re  Section  4.1  b  fin*,  and  wdl -stated  to  the  vortex  shedding  problem*  constdrred  ia 
an.  The  Balanced  POD  method,  a  dare  approximation  to  balanced  truncation,  is  a  mode* 
relation  about  a  particular  flow  Mate.  In  its  most  basic  form,  tt  is  valid 
*  a  stable  equilibrium  (C-g..  a  stable  solution  of  Xavier -Stefcet  aquations), 
d  hae  been  extended  to  urutablc  equilibria  (such  a*  an  unstable  steady  solutioo  of  Navwr- 


Wben  omUinearitk*  are  important,  mmnrul-order  Galcrkm  models  allow  one  to  mchide  focse  oflccu.  by 
modeling  both  the  effect  oo  fee  mean  flow  and  on  truncated  modes. 


5  Control  of  vortex  shedding  in  numerical  simulations 


5.1  BPOD  models  for  suppreuian  of  vortex  shedding 


We  apply  fee  model  refection  technique*  developed  a  Section  4  to  fee  uniform  flow  past  a  flat  plate  m 
two  spiral  duMtawru,  at  a  low  Reynolds  Dumber;  Re  -  100.  We  obtain  reduced-order  modda  of  a  ryetem 
actuated  by  maana  of  a  tocahaed  body  force  aaar  das  trailing  adgeaf  fee  flat  plate,  fee  vortkity  and  velocity 


contour*  of  fee  flow  field  obtained  on  an  impulsive  input  to  fee  a 


r  are  shown  In  Fig.  5 .1.1.  Using 


angles  of  attack  Wr  fine  assume  fufi-rtate  fredfeck,  but  use  ompot  projection  described  m  aaaoon  4  4  1  to 
considerably  decrease  fee  number  of  outputs  in  order  to  make  the  model  computation  tractable.  Later,  w * 
relax  the  ftiQ-atate  feedback  assumption.  and  derelop  a  more  practical  observer-baaed  controller  which  nee* 
a  few  velocity  measurements  in  (he  near-wake  of  the  flat  plate  {shown  re  Ftg.  5  1.1)  toramutract  fee  entire 


Figure  5.1.1:  Actuator  nodded  aa  a  local  and  body  force  near  fee  trailing  edge  of  fee  flat  plate,  with  the 
angle  of  attack  fixed  at  a  •  35*  Vtortaaty  contour*  are  planed,  wife  negative  contours  shown  by  dashed 
lines.  The  relodty-tcnear  locations  are  marked  by  solid  circles. 


5.1.1  Numerical  parameters 

The  grid  «i»  used  t*  250  x  250.  wife  fee  smallest  computational  domain  given  by  ■—2.3}  x  [-2-5,25]. 
where  length*  are  rein  ihrerronvislired  by  fee  chord  of  fee  flat  plate,  wife  da  crate  heated  at  fee  engm 
We  use  5  desneiru  in  the  muttipio-grid  scheme.  resulting  in  an  effective  computational  domain  2*  times  larger 
the  fuc  of  the  smaHert  domain;  feus  the  largest  domain  k  given  by  >32.48]  i*t-40,40j.  The  timenep  used 
for  all  simulation*  is  A  •  0.01. 


103 


104 


Figw*  1 L2.  Forces  oa  a  flat  plato  at  a  fined  angle  of  attack  a  and  at  Re  ■  100,  Jkomvsg  a  transiboo  ton 
a  stable  equilibrium  to  periodic  vortex  shedding  at  a  w  26.  Shown  an  As  force  coefficient*  corresponding 

la  Ac  rtaWe  ( - )  and  unstable  ( - )  needy  state*,  end  the  maximum  and  minimum  ( - 1  and  (be 

man  ( - )  valuer  dunng  periodic  vortex  shedding  Abo  shown  are  the  voracity  contour*  (negative  values 

in  daahcd  M  of  needy  neic*  at  a  -  15’,  35'  aad  the  to*  fields  corresponding  to  the  maxmaent  and 
niamum  force  coefficients  n  «-55 
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5.1  J  la  pet  aad  aotpnl 

Tha  acawboa  i*  modeled  aa  a  located  body  force  near  lha  tradmg  adp*  of  the  flat  plate.  The  Oow^Wld  ob¬ 
tained  from  an  impulsive  input  (*{t)  m  6(i))  consists  of  two  counter  rotating  vqrtum.  wham  die  ettadabou 
of  cadi  vurte*  is  given  by 

#•  U  OU) 

tatam  r’-C*— a^-O'-yei)’-  (S.L2) 


The  conaria  •  aad  c  determine  the  radio*  and  aacngtb  of  the  wonioaa.  while  (aa>,yv«)  determine  tha 
location  of  the  cent en  of  Acse  vortices.  The  valociry  field*  corresponding  to  Aa  ftnettons  ^  do  not  aadafy 
Ac  ao-ahp  boundary  caadibona  at  Ac  plate  turfacc;  a  projection  step  is  used  to  enforce  Acsc  conditions  and 
the  (cabling  fields  are  used  to  model  actuation,  that  sx,  B  »  B\  -  R*.  where  the  field  B  tt  plotted  m  Tig  5.1  L 
The  control  a  imptemoaed  m  Aeaumerica)  solver  by  simply  adding  a  lero  of  the  foon  £»  to  Ae  tight  hand 
tide  of  (0.11 

fat  previous  match.  Tatra  A  Cdfomtn  (2009e)  oooatderad  actuators  modeled  aa  body  forces  aneared 
over  a  few  gnd  peats  »  eudrd|  the  effect  of  open  loop  constant  forcing  on  Aroc-dunautonal  flows 
peat  a  tow  aspect  ratio  flat  plate,  while  Williams,  Collust,  Jwikbot,  Coloams  A  Twbaor  (2D0S)  performed 
experiments  oa  srsrucuouUr  plmfivnu  osuvg  periodic  blowing  Arough  slots  on  the  leading  edge.  The 
actuation  above  u  a  simplistic  model  of  Wowing  and  suction.  although  our  aim  here  a  not  to  have  an 
accurate  neprtacmatioo  of  blowmg  or  suction,  but  rather  to  owaontoxtc  Ac  effectiveness  of  Ac  algorxhm 
presented  in  aecuon  453  by  devetoping  simple  controllers.  Several  other  actuators  wore  also  considered  by 
varying  Ae  constants  a,r  in  (5.!. IX  and  one  of  the  samples  that  readied  a  euccmsful  control  is  reported 
bar. 


The  energy  input  ton  Ae  actuation,  in  studies  using  open- loop  control  by  steady  or  periodic  forcing.  It 
often  quantified  m  term*  of  Ac  momentum  coefficient  C„  (Greenbiau  A  WygnamJu  2000b,  Tam  A  Colooius 
2009o)  which  is  defined  as: 


(5.1J) 


where  Vm  is  Ac  eonstani  actuator  velocity  In  ense  of  wady  Huong,  ou  b  Ac  netuatur  width,  and  e  ia 
Aa  fiat  plate  chord  length  With  feedback  control,  the  input  iMi  function  of  time  and  so  is  and  Aus 
the  mumeatum  coefficient  is  bmc-depcndcoL  However,  for  Aa  sake  of  quantify**  the  corticd  input,  m 
aaaume  that  Ac  input  «  has  anti  amplitude  and  is  a  constant.  Lata,  wc  will  see  that  tba  mnimum  amplitude 
of  a  a  0(  1 ),  so  An  assumption  n  icaaonaWc  Hoe.  the  mumm  velocity  of  actuation  a  tU/U.  •  0.07, 
-while  Ae  actuation  widA  a  eu/t  *  0.3.  which  gives  Cp  ■-  0.15V  This  value  a  within  the  standard 
range C*  W  O.o IS  to  10%  used  si  studies  With  steady  actuation  (Graenbtan  A  ttygnaraki  2000b,  Tam  A 
Cotonma  2009o> 

We  consider  two  Afferent  outputs  of  Ae  system,  and  they  ar 


I.  The  velocity  field  over  Ae  enure  fluid  Autism  whtc 

trailers.  As  discussed  a  section  4.4  |.  Car  large  dimensions)  outputs,  the  modd  reduction  proce¬ 
dure  using  approximate  balanced  truncation  becomes  intractable  at  Aa  cumber  of  adjourn  nmulationa 

considered  to  be  Aa  velocity  field  protected  onto  (t)  unstable  eigcnmodes  and  (it)  loading  POD  modes 
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2.  Velocity 


a  two  near-wake  sensor  lorations.  shown  m  Fig.  3.1.1,  which  am  mod  to 


Sacs  ear  approach  ■  to  obtain  reduced-order  models  of  Ar  flow  linearized  about  a  pven  steady  Wale,  we 
first  nood  to  compute  these  steady  states  Tbs  model-mductian  of  aastablo  systems  mvohvs  projecting  the 
dynamics  onto  a  stable  subapoce.  for  which  we  also  nood  to  eompuac  Ac  right  and  left  ogcmucton  of  Ae 
hncarirad  dynamics  This  teaion  concerns  (his  steady  stale  analysis,  using  a  ‘’tuncatcppcr-bascd’*  approach 
at  outlined  m  Turkoman  A  Barkley  (2000)  and  KcOcy  et  at.  (2004V 

A  sanpio  way  of  compramg  stable  steady  sum  is  by  simply  evolving  Ae  time-accurate  simulation  to 
stationarity.  However,  unstable  steady  stales  cannot  be  found  o  this  manna,  and  stabta  steady  states  near 
a  biftacatioo  pmal  amid  take  very  tong  to  converge,  tostcad.  we  one  a  limesaeppa -based  approach  which 

nates  wtmg  a  Ncvnoe  ncratwe.  If  the  numancal  Aneatcppm  advaocse  a  cutulebon  field  /  at  a  timotep  k 
to  a  utcuation  ftold  /’ T  Ay(/)  after  T  Uroastcps.  tha  steady  state  is  given  by  Ae  field  ft  thal  ratidics 

*<*>-* -AH*)  (5-1-4) 


The  steady  states  an  given  by  ncroa  of  gift'  which  could,  in  principle,  be  solved  for  uamg  Newton's 
method.  However,  Ac  standard  Newton's  method  involves  computet*  and  averting  Jacobian  matrices 
at  each  noratmw,  which  o  computationally  mfeatibU  duo  to  the  large  dimcmton  of  (had  systems.  In¬ 
stead  of  computing  the  Jacobian,  we  use  a  Krytov -space  based  iterative  solver  called  Ganeratatsd  Mia 
bnal  Reoidual  Method  (GMRES)  developed  by  Sard  A  Schultz  (I9*b>  to  compute  Ae  Newton  update 
(see  Kelley  (1995)  and  TiefeAen  A  Bau  (1997)  for  a  descnpuoo  of  Ac  method;  Thu  method  requires 
rsnqMatiua  of  only  Jaoobtan-vector  producta  flg(y)  v. which  cm  be  approumated  using  ftntte  Aneressccs 
aa  jrty-t-rv)  g(y)'/r,  for  0  <  C  <  I  So,  Ac  Jscobian-vartor  products  can  also  be  computod  by  invoking 
Ae  appropriaicly-aitialixcd  tunc  stopper  A  woe  feature  of  CURES  >  rdauvety  fast  convergence  to  the 
itcady  Mate  when  Ae  eigenvalues  of  the  Jacobun  Artfe)  occur  in  cluacrs;  »oe  Kdky  (I995>  and  Kdfcy 
Ct  aL  (2004)  for  details.  For  sywams  wiA  mukiplc  tune- scales,  tuch  at  Navwr-Stofces,  most  of  Ae  rigat- 
value*  of  As  continuous  Jacobian  1W  b  the  Car- icA -half  of  Ae  complex  piano.  Thus,  the  corresponding 
eigenvalues  of  Aa  Asoeie  Jacobian  />Ar .  far  a  sufficiently  targe  value  of  T,  duswr  near  Ae  ongm. 

Tbepsocadure  described  above  ia  toed  to  compute  Ac  branch  of  steady  states  for  Ae  angles  of  snack  0  < 
a  <  90  .  the  parameter  T  hi  (5. 1  4) «  fixed  to  50  Umcsteps.  The  lift  and  Aag  coefficients,  Ct  and  Go.  and 
Adr  ratio  CtJCo  w*h  changing  a  are  plotted  tn  Fig.  S  13  As  wiA  flow  past  bluff  bodies  wiA  mcraamng 
Reynold*  number  (Tor  example  roc  Provansal  et  al.  (19*7)),  Ac  flow  undergoes  a  Hopf  bifurcation  from 
a  Handy  flew  to  poiodto  verm  thoddmg  as  Ac  angle  of  attack  a  ia  mcraued  beyond  a  critical  value  a,. 
which  in  our  computations  is  at,  »  27’  Also  plotted  m  Ae  figure  an  Ae  maximum,  minimum,  and  mean 
values  of  Ae  foreaa  during  shsdding  for  a  >  a,  Wt  see  that  Ac  (unstable)  steady  state  values  of  Ae  lift 
cocffiaeat  are  mwllar  Asa  As  mmimura  for  Ac  periodic  shedding  till  a  a  75*.  afia  which  Acy  arc  slightly 
higher,  but  still  imatlcr  than  Ac  moan  lift  for  Ae  periodic  shedding  The  (unstable)  steady  suit  drag  m  much 
kraer  than  Ae  mnwaum  value  for  periodic  shedding  The  ratio  Q/Co  of  the  (unstable)  steady  roue  it  close 
to  the  mean  value  for  shedding  Thus,  if  the  large  fluctuation*  m  tha  foreas  tea  undesirable  at  high  angle. 


of  attack,  h  would  be  mcfitl  to  stabilize  Ae  unstable  state.  If  higher  bfl  is  required,  it  would  be  desirable 
to  stab Cue  the  state  with  maximum  lift  dunng  varan  shedding  but  woe*  that  state  ia  not  a  steady  stats 
k  our  method  cannot  be  used  to  a due**  that  control  goal  with  Ac  present  Bow 

The  sarady  SHSe  at  a  •  JJ*  is  shewn  m  Fig  5  I  3(a>,  and  a  taue  bistory  of  Ac  bA  coefficient  Q  wiA  Ab 
ttosdy  state  as  nmitkl  condition  is  down  a  Fig  5.13(b).  Stoce  Ae  steady  state  a  unstable.  Ae  uumened 
puma  baton*  cease  Ac  mstabilitv.  and  Ae  flow  nxntualh  tranaitx*w  to  periodic  vortex  tbediing 

We  also  compute  a  basis  spanning  the  right  and  IcA  unstable  eigenapaccs  (A.  and  ¥»)  of  Ac  flow  bo- 


dynamics  ante  the  stable  subtpacc  As  Ac  flow  undergoe*  a  Hopf  bifuruat  on.  a  complex  pair  of  eigenvalues 
crones  the  imaginary  axis  from  the  left  half  of  Ae  complex  plane;  Aus  Ae  Amende*  of  the  unstable  sub- 
space  as  two.  For  solving  Ae  linearized  eigenvalue  problem  we  use  the  implicitly  restarted  Arookii  method 
which  was  implemented  by  Lehoucq  a  al  (!99g)  m  the  form  of  a  fitdy  available  Fortran-77  library  called 
ARPACK  This  library  caa  be  used  to  compute  a  small  numba  of  eigenvalues  (and  eigenvector*)  wiA  iner- 
spccified  properties  such  as  the  largest  or  tmallesl  magniludc,  largest  or  anallcst  real  part,  etc.  to  a  desired 
accuracy.  Wc  use  ARPACK  to  compose  the  JcaAng  eigenvectors  of  Ac  1’ncsruxd  md  adjodtc  cquabonu  that 
if,  Aose  conuapoodtn 
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Figure  S.U  The  empirical  llankd  linguist  value*  ( - »  and  the  diagonal  dements  ol  the  axttotUM 

ity  \  «)  and  observability  ( - ,  x )  Cranuam  of  a  2S-cnodc  model  wish  a  4,  10,  and  20-mod •  output 

projection,  far  the  Mutable  Wcady  Hate  at  a  w  35. 


that  k,  at  each  ttmestep  of  imegntion,  we  project  the  attar  m»  onto  the  stable  sofcMpnce  of  A.  Beam* 
the  rtablc  subspacc  it  an  invariant  subspacc  far  the  linearized  dynamics  (4.3.11  theoretically,  the  impulse 
terpooKs  of  tapiatinrta  (43.1)  and  (5.13)  are  exactly  the  tame,  aod  they  are  the  tame  at  that  obtained 
by  restricting  the  impulse  response  of  (4.4.1)  to  lit  stable  subspacc.  However,  due  to  the  (small)  numerical 
inatxmacy  ofthe  projection?,  (which  Barash  of  the  oumencal  macaincy  of  the  unstable  eigaupacesO, 
and  *P„  i  the  dynamic*  of  (43.t)  is  not  strictly  restricted  to  the  stable  mbapecc  and.  in  the  long  term,  puw* 
without  bound  in  the  unstable  direction.  Thus,  the  state  a  projected  at  each  tunenep  to  ensure  that  it  retnaini 

and  consider  the  output  of  (S  1 3)  to  be  the  state  a,  projected  onto  a  certain  number  of  these  POD  modes. 
Hem,  200  snapshot*  spaced  every  50  omettepa  were  used  to  compete  the  POD  modes.  The  lading  4  and 
10  POD  modes  contain  <5.00%  and  90.06%  oT  the  energy  respectively  and,  as  u  hat  been  observed  In 
previous  studies  (ate  Dome  et  aL  1991.  Dak  A  Rowley  200X),  these  modes  eome  in  pain  in  terms  of  their 
energy  content,  ■  characteristic  of  Oauchng  structure*  the  leading  fine  and  third  POD  modes  ere  shown  m 
Fig.  5. 1 A 

The  next  step  b  to  compute  the  adjonu  snapshot*,  with  the  POD  modus  of  the  unpuke  nrsfxnse  (pro- 
jecsed  onto  the  stable  mtupacc  of  the  adjoint)  ax  the  initial  conditions,  As  the  Imrarired  impulse  response, 
these  sunutatioos  ate  also  retsrictod  to  the  stable  sdbspacc  Again,  inaiead  of  computing  the  respome 
of  (43.10),  we  compute  that  of  the  fallowing  system 

A-P^r  +  rjC-K  (5.13) 

The  snapshots  of  the  impulse  responses  of  systems  (5.13)  aod  (5  1.6)  are  stacked  as  column*  oCX  and  Z. 
and  uasng  the  oprceiiona  (4.4. 19)  and  (4.4^0).  am  obtain  the  heianciag  mode*  ♦' aod  the  adjoint  mode*  t/,. 
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Figure  519  Outputs  (project**  of  the  flow  field  enao  POD  modes)  bum  e  mixed -order  model  ob¬ 
tained  using  s  20-mode  output  projection.  The  fast  (top  figure)  end  eleventh  (bottom  figure)  outputs  of 

facDNS  ( - v  a)  are  oanpwcd  widi  prediction*  of  models  with  4  ( - 110  end  20  ( 

)  modes. 


Ill 
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ocd  the  output!  to  be  a  projection  onto  4.  10  nod  20  POD  modes  (corropuodm*  to  4,  10  nod  20  mode 
says*  prqforriost.  as  rtfroduced  m  section  4.4.11  Using  tine  modes,  we  me  iht  wptmiona  in  aqun- 
Uoo  (4  5  20.4.3.25'  to  obuu»  the  matrices  A.J^Q  defining  the  reduced-order  model  of  the  sttbie-wbipace 
dynamics.  The  vorticity  cwictn  of  foe  baiaocjg  rod  foe  adjc-  jt  modes,  for  a  10-mode  output  projected 
system.  art  plotted  ui  Fig  5.1.7.  The  addins  mode*  provide  a  direction  for  projecting  the  Unearned  equa¬ 
tion!  onto  the  subpet*  panned  by  the  beimemg  modes.  Since  these  modes  art  quite  different  from  the 
POD  and  the  balancing  modes,  tfaa  resulting  models  ait  also  quite  different  Grom  thorn  obtained  using  the 
Standard  POD-Oaictfcm  technique  wherem  an  orthogoonl  projection  is  used.  Since  the  models  obtained  us 
lag  balanced  trereweien  are  know*  to  perform  better  than  the  POD-GaJcrkm  models,  as  reported  by  Oak  A 
Rowley  (2004),  the  batter  performance  could  be  attributed  to  a  better  choke  of  protection  using  the  adjoint 


e  approximately  balanced,  the  con- 
iroBabiliry  and  observability  Gramiant  of  foe  m-dynamics  of(4JJ0)  are  approximately  equal  and  diagonal. 
Further,  thetr  diagonal  values  ate  approximately  the  same  as  the  Kanlial  singular  valun  <r  obtained  by  the 

are  ptortad  In  Pig.  5.1.1  for  a  70-waic  reduced-order  model  With  tnoexunng  order  of  output  projection.  the 
1(SV»  converge  to  Iht  cam  with  fell-nate  output,  and  the  number  of  converged  HSVs  is  roughly  equal  to 
the  ordar  of  output  projection.  as  was  observed  by  link  A  Rowley  (2004).  We  see  that  the  diagonal  dements 
of  both  the  Gramiana  are  wry  clove  to  the  HSVs  for  the  fust  20  modes  For  higher  modes,  the  diagonal 
t,  which  ia  due  to  a  small  inaccuracy  of  the  adjoint 
d  in  section  45  For  controller  design,  we  me  models  of  order  *  20,  for  which  these 


Oramema  are  sufficiently  seem*. 

Finally,  to  tart  the  accuracy  of  the  reduced-order  models,  we  compare  the  impulse  responses  of  sys¬ 
tem  (11-5)  (that  Us  restricted  to  foe  stable  subepace)  with  that  of  the  model  (4.5.201  restricting  o,  «  0.  In 
particular,  we  eoropw*  the  rwtputi  of  the  two  systems,  which  are  tha  projection  onto  the  POD  modes;  a 
representative  case  in  Tig.  5.1.4  shows  the  results  of  4.  10  and  20  mode  models  of  a  system  approximated 
uamg  a  20-mode  aulpul  projection  (the  outputs  are  projection  onto  die  leadmg  10  POD  modes)  The  first 
autput,  which  u  a  projoctxxi  onto  tha  first  POD  mode,  is  well  captured  by  all  (he  models  until  r  m  60,  while 
tlw  20-mode  model  performs  well  for  all  lime.  Also  shown  a  the  eleventh  output,  which  ia  well  captured 
an|y  by  the  20  mode  modal 


5.1  S  FuB-rtMr  feedback  control 

The  reauluag  models  can  now  be  used  along  with  standard  tbrer  control  techniques  to  obtain  rtsbiUzmg 
control lan.  We  use  Linear  Quadratic  Regulator  (LQR)  to  cumpute  the  gam  K  so  that  the  agenvuhia  of  (4 ♦ 
BK)  (where  thr  matnec*  were  defined  m  (4  5.20))  are  m  the  lefl-faalf  of  ilia  complex  plane,  and  the  input  a* 
Ko  inuamiam  dte  curt 

JM  -  jf  (✓Gr+e'for)*,  15-1-7) 


where  Q  and  M  are  positive  weights  computed  aa  follows  We  choose  Q  such  that  the  ftirt  tana  In  foe 
integrand  of  (5- 17)  represanta  tha  energy.  that  is.  we  are  »  £*£,  wifoC  defined  re  (4 121).  The  weight  B 
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Figure  5.1.10;  Schematic  of  the  impiemantatioa  of  full -state  feedback  control  in  (he  nonlinear  simulations. 
Tha  enure  velocity  m  firrt  projected  onto  foe  unstable  eigcmwetors  and  fot  stable  tufcepacc  POD  modes 
on.  The  atare  is  (hen  muhtplicd  by  foe  gain  *,  t 
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Figure  S  I  12  Ufi-coeRkiiasa  t*  w  time  /.  for  foO-euw  feedhadt  control,  with  control  turned  an  at 

different  times  in  the  base  uncontrolled  simulation.  The  base  case  with  no  coocrol  ( - )  has  tha  unstable 

steady  state  as  tha  initial  roodibon.  and  transitions  to  periodic  vortex  shedding.  The  control  it  fasted  for 
different  initial  conditions.  corresponding  to  t  as  170, 110,210  of  foe  base  case,  and  Mahlrics  the  steady 
stare  to  all  foe  cares  ( - k 


ta  chorea  to  hr  a  multiple  of  lha  identity  cl,  and  typically  t  is  chosen  to  be  a  Urge  number  —  JO47,  to 
avoid  naoaasirely  aggronme  oontrotkn  The  eostfrol  aupkawstatiosi  steps  rot  sketched  m  Fig.  5  l  lO.fiM 
compute  tha  reduced-order  state  a,  using  foe  expression  (4.5.27),  then  the  controi  input  is  green  by  a  es/C«. 

Hare,  are  darrvefoa  gain /C  breed  on  a  22  mode  mtooed-onfat  modal  (with  2  unstable  and  20  stable  modaX 
uemg  B  m  10*,  and  include  foe  same  ui  foe  original  tmeanaed  and  non]  near  simulation*.  The  output  Is 
approximated  mfog  a  4-mode  ouqtut  projection.  The  difference  between  the  linear  and  nonlinear  umuiaciooe 
to  fort,  to  tha  Irtter,  foe  steady  state  field  re  is 'ttbtmctad  from  foe  sure  a,  before  projecting  ooto  foe  modes 
tocompute  the  reduced-order  sure  a. 

Fig.  5.1,11  compares  foe  modal  predictions  with  tha  projection  of  dam  from  the  awrertsnons  of  foe 
tinoaruad  rvttctn  (4  3  1.  4 12}  with  a  control  input  The  initial  condition  reed  ts  foe  flow  field  obtained 
from  an  imputav*  aipui  to  th*  actuator  Both  tha  sretca  foown  m  for  figure  eventually  decey  to  rero.  wbch 
implies  that  thepcrturknttoos  decay  to  zero,  thus  stabilizing  foe  unstable  steady  state.  More  importantly,  the 
model  predirtt  the  ouqpuB  accurately  for  foe  time  horfoon  shosm  to  foe  plot*. 

Wc  now  use  foe  same  cootjoftcr  in  foe  full  nonlinear  siimibaiom  and  tea  foe  performance  of  (ho  model 
for  renows  perturbations  of  ths  sucady  state.  A  plot  af  foe  lift  coefficient  Q  w  time  r.  vnfo  foe  control 
turned  on  sc  different  times  of  foe  base  sunubtion.  is  shown  b  Fig.  5.1.12.  The  bitial  condition  for  the 
base  care  (no  control)  ia  foe  unstable  steady  state;  eventually,  small  numerical  errors  excite  the  unstable 
modes  and  the  flow  transitions  to  penofoe  vortex  fording,  b  separate  fonaiabooa,  control  is  turned  on 
at  times  t  ■  170, 110,210  corresponding  to  foe  bare  case;  Af  tbs  ngurc  shows,  foe  control  a  cffectrre  and 
is  ehto  to  rtahiitre  the  steady  staas  b  each  ease,  area  when  the  flew  eshshna  wrong  vortex  shedding.  We 
remark  that  foe  tanar  two  af  these  pcrturbaUons  are  large  enough  to  be  outside  foe  range  of  validity  of  the 
Lneariixd  system,  brt  foe  control  krtiUeflfcctire.  Implying  a  Iregebaun  of  attraction  of  the  rtabtlixed  stoady 
Stole  We  also  compare  foe  output  of  foe  reduced -order  mods!  wtth  for  outputs  of  foe  nonlinear  simulation 
foe  plod  are  shown  b  Fig.  5.1.13.  The  models  perform  wstt  for  tha  initial  transients,  but  for  longer  limes 


i 

Figure  5.1.13:  Outputs  of  a  system  with  full -State  feedback  control.  The  control  gain  is  obtained  uamg  LQR. 
and  foe  initial  oooditxn  ia  foal  cosropoodiog  to  I  as  ISO  of  foe  uncontrolled  cam  plotted  in  Fig.  5.1.12 
Comparison  of  foe  outputs  v«i  and  y,i  of  a  12-modc  (2  rentable  and  10  stable  modes)  reduced-order  model 
x )  with  foe  projection  of  data  from  the  Ad)  nonlinear  simulation  ( - ,o), 


fed  to  capture  the  actual  dynamics,  Thu  a  not  surprising  aa  these  perturbations  are  outside  the  range  of 
Valifoty  of  the  linear  model*.  For  control  purposes,  it  appears  to  hr  suffiocnl  to  capture  the  inrtial  transients 
[approximately  one  period),  during  which  the  instability  is  tuppretsed  to  a  great  extern.  We  remark  that 
one  could  possibly  compute  oooiocar  models  by  projecting  foe  fiill  nanlmrar  equations  onto  foe  balancing 
modes,  or  enhance  foe  model  subspace  by  adding  POD  inodes  of  vortex  shedding  and  foe  shift  modes  as 
proposed  by  Noack  et  at  (2005)  to  account  for  foe  nonlinear  terms. 

F inatly.  we  note  fort  the  reduced-order  model  (4.5  20)  decouples  foe  dynamics  on  foe  stable  and  tumble 


bares  O,  and  ▼„  Thus,  we  could  derrve  a  control  gam  K  £  R* ' 
uontabie  part  of  foe  model,  auefa  that  foe  eigenvalue*  of  (4.  BJC)  are  m  the  left  half  complex  plane  That  ta. 


wv  can  obtain  a  stabilising  controller  without  modeling  foe  stable  subrpace  dywamves  Wc  have  performed 
rimulauom  to  test  such  a  controller  and  found  that  K  also  »  capable  of  suppressing  the  periodic  vustet 
theddmg  and  tbua  result*  in  a  Urge  basin  of  attraction  for  foe  stabilised  steady  stare.  The  choice  of  weight 
matrices  g  and*  in  foe  LQRcort(S.  1.7)  oceds  to  be  different  to  obtain  a  comparable  performaare.  However, 
re  shewn  b  foe  next  section,  it  b  essentia!  to  model  foe  stable  tubspscr  dynamics  to  design  a  practical 
oosttroOsr  breed  on  an  observer  fort  reconstructs  tha  entire  flow  field  uamg  a  few  tensor  mcuumtcnto 


The  full -state  feedback  control  of  sedan  5  1 J  is  not  directly  useful  b  practice,  aim*  fa  is  not  possible 
to  oweMre  foe  entire  flow  field  Here,  we  ooender  a  more  practical  approach  of  measuring  certain  flow 
quart  itwi  at  a  small  number  of  sensor  iocsnons.  We  assume  fort  wc  can  measure  the  veiuctlks  at  foe 
sensors  shown  n  Fig.  $  11,  in  foe  near- wake  of  the  plate  Wc  remark  foal,  even  though  these  sensor*  may 
not  be  realizable  in  applications,  they  serve  re  a  good  testing  ground  for  our  models. 


5.1.7  Redoeed-ordrr  models 


Tha  method  described  m  detail  m  section  5 1.4  to  obtam  omdcls  of*  a  srrtem  wife  0»  firfi-aara  mapre  it  first 
used  u  obtain  models  of  a  system  with  foe  output  represented  by  (he  two  sensor  measurements  Far  (his 


feedback  control  in  (be  nonlinear  wa- 


Ftgurc  Jlli  Schematic  of  die 
uUiiooa.  The  control  input  u  and  the 
iccoromica  (ha  reduced-order  stated.  Th«  *ate  is  then  mutepUd  by  the  gam  AT.  to 
input  a.  Both,  the  controller  and  observer  gain  K  and  L 
using  IQR  and  LOG  respectively. 


n*  C  at  equation  (4  4. 1)  has  two  row  and  a  fsx  with  each  row  filled  wdh  0*  except 
for  the  entry  corresponding  to  a  senaor  measurement,  which  is  I  Since  the  dimension  of  the  output  it  small, 
the  output  projection  step  of  (he  algorithm  outlined  in  Metfon  0.4  b  ae*  required  TWo  adjoins  uasiisooat 


velocity  field  with  a  unit  w-vefoetty  at  the  m 


d  at  two  projection  stepr  first  the 
x  location  ta  projected  onto  the  Space  of  flow-fields  satisfying 


odes  (that 


ia,  ttsiog  the  pnfcetioo  q 
Fig.  5-1.15.  The  mapshots  from  the  two  adjoint  simulations  are  stacked  as  c 
dona  (4.4  19)  and  (4.4.20)  a 


»  plotted  ia 
of  Z.  aod  the  exprrs 
modes  f£.  Wc  again 


a  in  equation  (4.J.IS)  toobtain  the  matrices  Ijt.Qd 
«f  the  stablc-aubspace  dynamics.  The  resulting  balancing  inodes  are  qualitatively  similar  to  those  plotted 
m  Fig.  5.1.7.  however  the  adjoint  modes  which  arc  plotted  ia  Fig.  5-1.16  are  diltercnt  firm  those  for  the 

x  locations.  The  resulting  models  an 

agam  balanced:  a  22 -mode  modd  (with  2  u 
used  to  compute  the  feedback  gaia  K  ansi  to  d 


Using  the  models  derived  m  section  5.1.7,  we  design  an  observer  using  a  Linear  Quadratic  (L Q)  estimator, 
or  Kalman  filter  Thu  method  assumes  that  the  axon  m  representing  the  state  a  and  and  the  measurement  r 
(doe  te  the  maccundcs  of  the  modd)  me  stochastic  Gaussian  processes.  and  twits  in  an  estiausc  i  of  the 
state  •  that  is  optimal  un  the  some  that  H  minim  can  the  mean  of  the  squared  error,  refer  to  Skogcsud  k 
Postletfawadc  (2005)  for  details  W«  nowdaeuas  briefly  our  procedure  for  modeling  there  nataes;  consider 
the  roduced-ordcr  model  (4.5.20),  but  with  prooesa  noise  w  and  sensor  none  v  which  eater  the  dynamics  as 


Figure  5.115:  Cotwoun  of  the  initial  condition  for  the  adjoint  simulation  corresponding  to  the  kfi 
location  shown  ia  Fig.  S.  LI. 
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IK 


follows,' 


(5.IJ) 

(SI.*) 


A  key  source  of  the  process  (state)  nouc  w  arises  Dorn  n 

when  the  model  is  used  to  suppress  vwm  shedding.  A  sc* 
Ur*,  tha  state  i  d  approximated  aa  •  slam  of  a  finite  a 


i  aid  second.  Crum  ignoring  the 


ly  of  the  dynamics  ia  k 
c  of  the  m 

of  modes  (4  5.  IZL  a 

projection  step,  the  output  is  coosidetad  as  a  proportion  of  the  (approximated)  state  a  onto  a  finite  number  of 
POO  modes  (4J  IKVF 


fl-£W,  w -/{«-.) -iw,  (5.1.10) 


t 


and  £()gma  tec  expected  value  Hero.  /[)  is  toe  operator  obtained  by  projecting  the  mmlmcar  Mavier 
Stokes  equations  onto  the  balancing  modes  ♦.  using  the  adjoint  modes  7  The  state  «-rr  la  obtained 
by  projecting  the  snapshots,  obtained  from  a  representative  umulaiioo  of  the  (bit  nonlinear  system,  onto 
die  balancing  modes.  WUt  »  u  not  actually  a  Ganssn a  white  ores*  process,  for  the  pvepoees  of  observer 
design,  all  we  require  u  an  approximate  measure  of  the  size  of  ihc  modeling  errors  (here  modeled  a*  external 
dnCiahaacce),  and  fee  this  purpose  dx  Gauaman  approximation  suffice*  The  Rywcreatamc  tamilrion  we 
used  here  is  the  bane  Case,  wuh  no  control,  shown  in  Fig  5.1.12,  which  Include*  the  transient  evolution  from 
die  steady  state  to  periodic  vortex  shedding.  The  resulting  estimator  ia  of  the  fora 

i~A&+i*+L(y  Cl),  (5.1.12) 

15X13) 


where  a  ts  the  estimate  of  state  a,  f  » the  estimated  output,  and  L  is  the  observer  gain.  The  ceimator  » then 
uaed  along  with  (he  fafl-«tau)  feedback  oomroRor  desired  m  section  5-1 J  to  determine  die  control  input,  a 
schematic  ts  shown  fa  Fig.  5.1.14. 


Figure  5.1.17  Uft-cocfficseet  C*  v*  time/,  for  estimator-based  foodback  cootroL  with  control  turned  oo  at 
different  times  to  the  box  uncontrolled  stmoUooo.  The  base  case  (— •)  it  (he  same  at  in  Fig.  $.1.12.  and  the 

control  is  tested  for  dtflkraal  initial  condition*,  corresponding  tola*  170, 180,210  ef  the  bate  case  ( - k 

fa  both  the  eases.  fee  sonmdkr  stabiless  die  flow  to  a  mail  neighborhood  of  fee  steady  team. 


5.1.9  Observer-based  control 

The  modefa  obtained  ia  lection  5. 1.7  me  used  to  design  dynamic  observers  based  oa  the  vertical  (w)  velocity 
x  locations.  A  22-mode  reduced -order  modd,  with  2  and  20  modes  describing 
a  and  stahle  mbspaoes  rexpedrn  S  ts  need  to  design  a  Kalman  fiber  for  pro- 
e  of  the  velocity  field  based  on  Gitantan  approximations  of  error  terms  (5  1  10, 
5.1.11).  This  estimaic  a  then  used  along  wuh  reduced-order  model  controller  to  determine  the  control  in¬ 
put,  as  shown  in  Fig.  5.1.14,  The  rendu  of  this  observer-bated  controller  (or  compensator)  are  shown  in 
Figs.  5.1.17,11.11  The  compensator  again  stabilises  the  treatable  operating  point,  and  furthermore,  the 
observer  reconstruct*  the  reduced -order  modd  states  accurately.  Initially,  the  observer  has  no  information 
■bout  (he  states  (the  initial  condition  is  *erok  but  it  quickly  converges  to  aod  follows  the  actual  sates. 

Finally  to  test  the  robustness  of  the  resulting  controller,  an  external  disturbance  is  added  to  the  flow 
upstream  of  (he  flat  plate  The  disturbance  ts  modeled  using  (he  same  functional  form  (S  I  T)  used  to  model 
the  actuation  but  with  the  parameters  •  •  4  and  e  -  0.05.  The  vnctecity  contours  of  the  resulting  field 
ate  pinned  in  Rg.  5.1.19  and  the  dSermfeencc  has  support  over  a  much  wider  region  as  compared  to  the 


Figure  S-L.lt:  Stales  of  the  system  with  observer-baaed  control;  the  states  reconstructed  (— — *  x)  by  a 

22-mods  obaerver  quickly  cesweigc  to  the  actual  nates  ( - .  e).  The  initial  auditions  used  are  those 

corresponding  lot  m  1S0.210  (top  aod  bottom)  of  the  uncontrolled  case  shown  to  Fig,  5.1.17. 
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Figure  51. I*  Esti«ra*ur-ba*cd  feedback  control  m  the  presence  of  an  catena)  disturbance  modclod  us¬ 
ing  (,5.  ?  IX  Plot  (b)  shows  die  vurtictty  contours  of  the  disturbance.  The  resulting  lift  oocflWmts  are  ihowo 

«  plot  (»)l  both  with  the  control  tuned  off  ( - )  ant)  an  ( - k  with  the  imuxl  condnwa  bang  a  wkx- 

MV  f*ld  from  the  wrta  diokfang  regime  The  controller  atabdixa  the  flow  even  m  the  presence  of  teat 
outurbaocet  The  control  input  u.  which  remains  0(1),  a  thown  in  plot  (eh 

actuation.  The  disturbance  amplitude  is  modeled  as  a  random  variable  sampled  from  a  uniform  distribution 
in  the  range  1,1]  The  Uft  coefficients,  si  the  presence  of  this  dwnabaoce.  for  the  flow  wuh  control  tuned 
Off  and  tav  are  show*  in  Fig.  51)1.  Whh  the  control  off.  foe  Uft  stays  in  the  neighborhood  of  A  value 
during  vortex  shedding  Whm  the  compensator  u  turned  on,  the  shedding  b  suppressed  and  the  steady  stale 
is  again  stabs  tired  However,  the  disturbance  causes  the  lift  to  fluctuate  around  the  steady  state  value  When 
the  disturbance  is  finally  turned  off,  lbs  lift  again  converges  So  lb*  steady  state  value 


5.2  Synchronization  ef  vortrz  shedding  for  high-lift  limit  cycles 

Open-  and  closed- loop  rvncbrornzation  of  vortex  shedding  m  iwo-dimctaioaal  flow  near  a  flat  plate  at  high 
angle  of  attack  «  now  considered.  In  ostler  to  study  the  control  of  two  bask  constituents  of  unsteady  pote- 
rtall  flow  (i «.  leading -wigs  and  trailing -edge  vurooex)  and  develop  a  pbrncaDy  tnotivslod  feedback  strategy 
tee  counter  a  two  ibmr— ipnal  flow  at  Re »  0(10*)  Even  fooufk  introducing  camber  or  using  Eppter  airfoil 
diepe  would  enprova  uncontrolled  performance,  the  flat  plate  ensures  the  separation  at  (hr  leading  edge  ■ 
the  post-suit  regime  and  allows  us  to  mend  additional  complications  due  to  the  variation  of  the  reparation 
potnt  or  curvature  effect*  of  a  different  airfoil  geometry.  A  Reynolds  number  of  300  was  selected  to  be 
high  enough  to  ensure  forming  and  shedding  of  Urge  coherent  structures  of  opposite  sign*  bom  the  leading 
and  trading  edges.  Even  though  this  model  ts  highly  idraluBcd.  we  hope  u>  develop  a  physacaQy  motivated 
dosad-loop  control  of  global  instability  of  vortex  shedding  without  any  computational  burden 

Aa  tn  the  BPOD  study,  unsteady  actuation  is  modeled  as  a  body  farce  near  the  leading  or  trailing  edge 
and  is  directed  either  upstream  or  downstream.  For  moderate  angles  of  attack,  sinusoidal  forcing  at  ihc 
natural  shedding  frequency  sesuhs  in  phase  locking,  with  a  periodic  variation  of  lift  at  the  same  frequency, 
leading  k>  higher  imstesd*  hit  than  the  aatmnl  dwddmg  However,  at  roffkmnUy  high  angles  of  attack, 
a  subharaomc  of  the  forcing  frequency  m  also  mated  and  tbe  average  lift  ever  the  forcing  period  varies 
from  cycle  to  cycle  in  a  complex  manner,  ft  it  observed  that  the  periods  with  the  highest  avenged  Uft 
are  associated  with  particular  phase  differences  between  the  forcing  and  the  tift,  but  that  this  highoa-Uft 
thudding  cycle  fat  not  always  stably  maintained  with  open-loop  forcing.  We  design  a  feedback  algorithm 


to  lock  the  forcing  with  die  phase  shift  associated  with  the  highest  period-averaged  lift.  It  is  slows  that 
the  wwnptniaror  results  a  a  stable  phase  lortrnd  limit  cycle  for  a  brooder  range  of  forcing  frequencies  than 
tbe  open-loop  control,  and  that  4  ts  able  to  stabilize  otherwise  reusable  high-lift  Droit  cycles  that  cremes 
be  obtained  with  open-loop  control  For  example  at  an  angle  of  attack  of  40*,  the  feedback  controller  can 
increase  the  averaged  magnitude  of  fore*  on  the  plate  by  7fr%  and  increase  tbe  averaged  Uft  oocfficsertt  from 
U3  ID  2.43 

h  this  section,  epan-fcwp  ooTOrol  with  periofoe  puiateg  at  the  wahanl  rbidihng  ftmpremy  is  flm  nreretri 
gated  for  various  actuator  omdlgiaatMaa  over  a  range  af  a. 

In  certain  caves,  primarily  for  lower  angles  of  attack,  open-loop  forcing  mutts  In  a  phase-locked  limit 
cycle  with  lift  varwng  at  (he  frequency  of  actuation.  The  momentum  coefficient, 


is  the  ratio  between  the  momentum  injected  by  the  forcing  and  that  of  the  frcesiream.  The  value*  of  Cj, 
reported  are  based  on  the  average  jet  velocity.  V  fixed  at  0  3,  and  the  width  of  the  actuator,  As  •*  0.01  This 
corresponds  to  a  fixed  Cp  of  001  for  all  of  the  cates  cxmudcrrd  here  For  each  actuation  location,  two  canas 
of  blowing  angles  are  comukred.  one  directed  downstream  and  foe  other  directed  upstream. 

For  sufficiently  high  a,  subhatmomc  frequencies  arc  excited  and  a  more  complex  limit  cycle  behavior 
is  obtained  The  penod -averaged  lift  over  on*  cycle  of  actuator  forcing  varies  from  cycle  to  cycle,  and 
it  is  Observed  that  higher  hft  is  associated  with  a  particular  phase  shift  between  foe  forcing  and  foe  hft 
We  show  that  feedback  of  the  Uft  signal  can  be  ussd  to  phase  lock  the  forcing  to  foe  particular  phase  shaft 
associated  with  foe  highest  period-avenged  lift.  Similar  phase- locking  feedback  control  has  been  used  in 
foe  aforementioned  study  of  Fasioor  «t  al.  (2004)  and  by  Tadmor  1 200*1 


SJL1  Uncontrolled  Flow 

For  for  traiwUting  flat  plans  at  Jtr  *  300.  steady  attached  flow  »  shrewd  for  a  <  10*  At «  *  10  .  dw 
flow  is  observed  to  be  separated  but  remain*  steady  Ths  flow  undergoes  a  Hopf  bifurcation  between  angles 
of  attack  of  12'  and  15*  after  which  voncx  shedding  occurs  with  natural  shedding  frequency,  Cfo  which 
vanes  from  3  65  at  a  »  15'  to  1 J9  at  a  —  SO*  Using  foe  vertical  protection  of  the  airfoil  to  foe  freestrearo 
wn  fua!  foat  aw  on  he  scaled,  for  «  '  XT.  to  •  Sirouhal  number  of  S  -  Aeam(a)/tU  »02.  when 
m  «w/(2x>  This  agrxo  with  foe  wake  Strouhai  menbes  for  vertex  shedding  behind  twn  ifansnsitred 
bluff  bodresOtoshko  1461.  Berewan  JW7.  Onffin  147*)  The  unsteady  shedding cyek  cetressts  of  vurtsees 
of  opposite  signs  alternately  shed  from  the  leading  and  trailing  edge*,  cresting  periodic  osdSationa  m  Ihc  lift 
and  drag  Asa  is  Increased,  larger  voncx  structures  are  formed,  indue  mg  a  larger  amplitude  of  oscfllatwa  in 
dw  force  excited  on  foe  plate.  For  a  £  30  .  the  vortex  structure  on  the  suction  side  ef  for  piste  it  observed 
sobs  created  from  dw  leading  edge  and  can  be  viewed  as  a  tramwre  LEV.  or.  equivalently,  a  dynamic  stall 
vortex  (DSV)  that  occurs  during  a  rapid  pitch  up  Masomim  lift  is  found  when  dw  LEV  w  brought  dosro 
to  foe  suction  side  of  foe  plate  as  '4  grows  In  strength.  The  lift  decreases  as  dw  new  vortex  structure  of  the 
opposite  sign  it  formed  at  the  trailing  edge.  This  trailing -edge  vortex  (TEV)  pushes  up  foe  LEV  sitting  on 
dw  sustsoe  adc  of  the  plate,  and  firwlh  hafts  its  growth  causing  ft  t»  patch-off  and  shed  otto  the  wake 


5.2J  Open  loop  control 

In  ordar  to  mvestigate  the  effect  af  tansteady  blowing  on  these  vottex  shedding  cycles,  we  first  consider 
open-loop  cerarol  using  periodic  pulsing  with  different  Mowing  angle*  al  foe  leading  and  trailing  edge  of 
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the  plate.  The  atmdinwosiannl  Jet  velocity  is  ret  «  V>  mO,  +  l^srofc*).  wtwre  V,  -  0.5  and  Lf-OJ. 
Since  (ho  study  ts  focused  on  maxtmaing  lift  from  shedding  of  foe  coherent  vortex  structure  i  rather  than 
foe  suppression  of  shedding  or  separation,  ay  «  initially  chosen  to  be  foe  natural  shedding  frequency  for 
each  a  at  which  ths  unsteady  dwddmg  of  foe  large  Coherent  vutn  structure  will  lately  be  wnplifwd  the 
mas*  (Cleaur  at  al  2005,  Amitay  A  Gteacr  2002H  In  dw  next  two  tactions  are  examine  leading  and  trailing 
edge  actuation.  respectively. 


FigtxeSXl  shows  foe  lift  roefTkient  with  aettmtion  al  the  leading  edge  directed 
n  (right)-  in  each  figure,  foe  uncontrolled  (low  (baseline)  ts  oreriaid  in  gray 
with  4s  murage  in  dashed  grey  and  tte  smunure  and  m  leu  mum  bounding  the  shaded  ration.  Squares  show 
dw  minimum  and  maximum  of  the  Uft  signal  whom  overall  avenge  m  durera  m  foe  circles  in  between.  For 
cases  where  the  lift  «  not  phase  locked  So  foe  forcing  signal,  sanation  m  dw  period-averaged  Uft  (avenged 
over  tmeh  actuation  period)  is  also  plotted  with  error  bs* 

Blowing  downstream  provide*  extra  momentum  at  foe  leading -edge  in  addition  to  (Sat  of  the  freestreara, 
TV*  amplifies  for  unsteady  shedding  of  vortex  structures,  muftmg  w  larger  magnitudes  of  the  hft  ftoctun- 
bens.  The  forced  flow  cdubua  higher  mnwn  Uft  but  also  lower  mamnsn  hfl.  below  that  of  the  hanehne 


However,  when  (ha  actuation  is  directed  u 
has  a  more  poritere  effect  on  foe  average  lift.  For  a  <  25\  the  flow  lodes  onto  the  forcing  2  -  3  periods  after 
foe  actuation  is  wittered.  However  si  higher  a,  the  flow  fails  to  lock  onto  the  fbremg  frequency  and  displays 
a  more  cxsnphcased  Until  cycle,  with  oubhanonorct  of  foe  forcing  frequency  also  exited-  An  example 
is  shown  m  figure  5 12,  at  a  -  50*  where  each  subhanaonk  limit  cycle  consists  of  several  periods  with  a 
different  pen od -averaged  hft.  Figure  5.2.2  also  shows  the  lift  as  a  (Unction  of  the  jet  velocity,  and  shows  that 
foe  actuation  produces  foe  highest  lift  when  (]»■  phase  with  foeCt  (maximum  Q  whan  V,  is  maximum). 
H«m«.  foe  succeeding  period  heootnca  slightly  out  of  phase  and  foe  lift  decreases.  Each  penod  withm  the 
mbhatosunic  Imut  cycle  h  obaarvod  in  br  associated  wtfo  a  parucuiar  phase  shift.  #.  between  the  faremg 

average  Uft  is  plotted  in  a  thicker  line  At  each  a.  there  is  a  particular  4.  resulting  in  the  highest  average  tift 
over  an  actuarion  period.  If  foe  feedback  allow*  us  so  accordingly  adjust  foe  frequency  of  actuation  to  phase 
befc  the  flow  m  font  4.  then  we  could  repeatedly  produce  the  highest  average  lift  period.  This  feedback 


o  at  the  leading  edge  achieves  such  a  lift  enhancement 
and  performs  better  than  downstream  actuation.  However,  expernmnu  at  Reynolds  wanber  of  foe  order  of 
3  *  10*  by  Rullan  et  al  (2006)  demonstrated  foal  unsteady  blowing  upstream,  parallel  to  foe  chord  at  foe 
hwfang-cdjc  of  a  sharp-edged.  Circular  arc  airfoil  at  various  a  beyond  stall  lends  to  avenged  pressure 
diwKMnioo  that  resulted  in  higher  lift  then  font  of  the  baseline  flow  The*  achieved  hfl  macaw  as  hgh  as 
30%  with  momentum  ooeffkieot  of  C/  -  C,/u*(a)  m  IV  scaled  with  (hr  vertical  projection  of  foe  airfoil 
and  the  actuation  pulsating  at  foe  shedding  frequency  of  the  airfoil 


(I  performance  of  (he  opco-loop  acttiatioo  al  foe  natural 
I  m  •  stonier  nwoncr  as  m  figure  5.2.1.  Blowing 
e  Uft.  yielding  a  lower  maimum  lift  than  that  of  the 

baseline  flow  with  •  similar  maximum  lift. 

However,  when  the  forcing  is  directed  upstream,  dw  forced  flow  dbrplovs  a  significant  hft  enhancement 
The  forcing  excite*  foe  vortex  shedding  cycle  even  for  a  below  the  flopf  hsfiirewitm.  For  a  £  1 5*,  the  flow 


Figure  5-2.1 ;  Loading -edge  actuation;  maximum  and  minimum  lift  (H)  and  iu  average  over  time  (o)  for 
downstream  (left)  and  upstream  (right)  actuation  Average  of  the  baseline  com  is  plotted  in  dashed  grey 
and  shaded  regroa  a  bounded  by  Its  maximum  and  mimrnwn.  Actuation  ia  appried  at  the  natural  shaddmg 
friquswcy.  aq  «  at  For  saxes  where  foe  flow  is  oat  phase  locked  te  the  forcing  wgnsl  venation  m  period- 
avenged  lift  over  each  actuarion  period  is  plowed  with  error  bar  to  mcfrcite  the  range  of  value*  over  X 
sobhatmooic  limit  cycle. 


Figure  5.22:  Lift  a*  a  fimetkm  of  tune  (a)  and  jet  vriodry  (b)  with  upwrewn  actuation  at  foe  tcacung  odge 
(LX.  upstream)  at  the  natural  shedding  frequency  ( oq  ■  os)  for  a  •  5ff 


123 


124 


Figure  52 J  Trading-edge  actuation:  Me  Figure  521  for  a  detcnpuoa 


Figure  524:  Ntortkily  contour  at  the  Urn*  of  mammon  lift  forbaadme  (dun)  are!  upstream  actuation  (thick) 
at  the  trailing  edge  at  the  natural  shedding  frequency  (air  ■  OVA  Dashed  and  solid  Una  represent  counter- 
dock  wue  and  dock  wire  vortiaty. 


is  excited  at  a  lower  a  for  the  trailmg-cdge  acruttoo  dun  that  Tor  the  leading -edge  actuaum. 

Each  period  within  (he  subhannonic  limit  cycle  it  again  observed  to  be  associated  with  a  particular  g, 
re  lulling  is  a  particular  penod-averaged  lift  We  denote  the  ft  aasodated  with  the  highest  period-avenged 
lift  at  each  a  as  gw  Particularly  at  a  *30“,  4fr,  and  50*.  gw  wre  observed  to  be  approximately  -0.25. 
-0lQ5,  and  0.0  radians.  rwpecsneJy  For  tnilmg-odgc  actuation.  the  period-averaged  lift  at  high  a  la.  in 
many  eases,  greaser  than  the  maximum  lift  occurring®  the  hasdinr  flow  Thu  suggests  a  greater  potential 
for  the  traiimg-odge  feedback  actuaboo  to  sustatn  the  flow  with  the  highest  period-averaged  lift.  Const- 
querth.  we  would  obtain  a  phase-locked  Sow  that  has  an  average  lift  as  high  as  the  maximum  lift  of  the 


*  in  lift  than  that  of  the 

leading -edge  actuation  These  findings  are  similar  to  observation*  made  by  Huang  et  si.  (2004)  who  mvcs- 
ligated  the  effect  of  blowing  and  suctioo  control  at  various  locations  on  the  upper  air  bee  of  a  NACA0012 
airfoil  They  considered  steady  blowing  and  suction  at  K*  m  5  *  10*  and  a  m  If  and  demonstrated  Out 
blowing  as  the  leading  edge  directed  downstream  exerts  a  negative  effect,  decreasing  lift  and  increasing  dreg 
at  the  tame  tinre.  but  suction  increases  lift  by  creating  a  larger  and  lower  prereure  rone  on  the  airfoil's  upper 
surface.  They  also  observed  (hat  the  actuation  near  the  trailing -edge  on  the  upper  surface,  OJr  from  the 
leading  edge,  improves  lift  and  drag  characteristics  by  manipulating  the  dreulauoo  of  the  TE V. 

In  order  to  understand  the  lift --enhancing  mecharusm  of  upstream  actuation  at  the  trailing  edge,  ire 
compare  the  vorucuy  contour*  at  the  tune  of  maximum  lift  for  the  eases  of  baseline  and  upstream  actuation 
at  the  trailing  edge  tor  40*  m  figure  524  Actuamm  feeds  extra  circulation  to  tbs  TFV  which  induces  a 
Monger  dowawash  oear  the  tnuiing  edge.  As  a  result,  the  vortex  structure  on  the  suction  side  is  putkd  down 
closer  to  the  plate  and  the  backflow  near  the  trailing  edge  is  reduced  Particularly  at  a  *  4 <P,  this  delays 
die  interference  of  (be  newly  framing  TEV  with  the  LEV  residing  on  the  ruction  side  h  also  lengthens  the 
duration  over  which  the  vortex  structure  is  formed  from  die  leading  edge.  These  results  also  agree  wufc  the 
ohserretsona  that  the  pored  aasocstied  with  the  highest  lift  wrthm  a  subhermomc  cycle  in  Agree  3(14  has  a 
longer  period  than  that  of  the  baseline  flow  This  might  avlicsSe  that  (here  exists  a  forcing  frequency  below 
Ofc.  at  which  the  flow  becomes  phase  locked  to  the  forcing  at  a  higher  lift  ban  that  of  the  baseline  flow. 

Thus,  we  next  investigate  the  potability  of  the  existence  of  shedding  cycles  that  are  phase  locked  to  the 
open-loop  forcing  signal  Figure  5X5  ihowi  die  lift  response  to  the  vansuon  m  opetv-ioop  forcing  frequency 
for  2fT  <  a  <  50*.  above  which  upstream  actuation  at  ay  m  «s  fails  to  phase  lock  the  flow 

Over  a  range  of  frequency  bdow  wy,  the  flow  is  phase  locked  to  the  actuation  with  its  average  lift  near 
the  maximum  penod-cvenged  lift  of  the  flow  actuated  at  cut  «w.  -As  we  go  deeper  into  stall  by  increasing 
a  the  donum  of  attraction  for  the  phase-locked  limit  cycle  decreases,  and  Anally  at  a  50*.  actuation 
failed  to  phase  lock  the  flow  over  the  rxngt  of  forcing  frequencies  considered  % 

Figure  526  shows  the  oorreqwndmg  phase  shift,  ft,  over  tho  range  of  a*  that  achieves  a  phase-  locked 
flow  for  or  •*  30*.  Recall  that  the  subhartnonk  cyde  (excised  with  upstream  blowing  at  as.)  consuls  of 
several  actuation  periods  with  a  distinct  ft  associated  with  a  particular  penod-averaged  lift  Abo,  its  highest 
period-averaged  Uft  is  associated  with  ft  *  ftv«*  ?  0.25.  As  ny  is  decreased  below  ah.  the  flow  phiac  locks 

Bowls  phase  locked  onto  diffaxrt  period,  with  diftcrer  ft. closer  to  gw  with  higher  average  kft  Finally, 
at  «t/at  *  087.  the  actuation  »  able  to  lock  the  flow  at  the  best  period  achieved  with  forcing  at  «V  This 
indicates  that  each  phase-locked  limit  cycle  of  the  vortex  it  tedding  could  be  characterised  by  its  frequency 
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Figure  3.2.3:  Trailing  -edge  actuation:  maximum  and  minimum  lift  (£),  average  lift  (o),  and  penod-averaged 
lift  ( error  bar)  over  a  range  of  open-loop  forcing  frequency,  ok-  Maximum  and  minimum  lift  of  baseline  (-- 
-)  care  is  shown  as  a  reference 


Figure  5  2.6;  Trailing-edgc  actuation:  phase  shift  of  the  forcing  signal.  Vr  relative  to  the  lift  signal.  Q,  for 
phase -locked  flows,  ow  a  range  of  open-loop  forcing  ffogoney.  mt  (a  *  30*1 


X  and  average  kft 


Figure  527:  Feedback  control  configuration 


If  the  feedback  allows  us  in  adjust  the  frequency  of  the  accuatsoo  accordingly  so  keep  the  phase  shift 
between  the  forcing  signal  and  the  till  constant  (for  example  at  ft  »  gwA  we  should  be  able  to  reproduce 
the  highlit)  shedding  cycles  over  a  wide  range  of  or.  Thus  in  order  to  achieve  the  desired  phase-locked 
shedding  cyde,  we  feedback  lift  ate  the  cooiroBoc,  whouc  details  are  described  in  the  nest  section. 


S2J  Closed-loop  costroi 

Open-loop  periodic  forcing  ju  lead  to  limit  cycle*  with  a  high  average  lift,  but  with  a  decreasing  domain 
Our  goal  with  closed-loop  control  k  to  obtain  forced  limit  cycles  with  the 
e  lift  This  involves  stably  mamtauung  knur  cycles  that  are  nor  stable  without  feedback, 
aaad  flows  with  the  highest  average  hft  Mem  te  be  characsatrod  by  a  distinct  phase  riaft  of 
(lie  fbrcia|  relative  to  the  lift  at  each  a,  we  feedback  Ci  in  an  inerapt  to  pbnee  lock  the  flow  at  there  btgb-bft 
states.  Direct  feedback  ofQ  with  appropriate  gam  would  only  allow  us  to  force  the  flow  to  be  m-phasc  with 
Uy  However  since  the  observed  best  phase  (tufts  between  Ct  and  are  negative,  shifting  direct  feedback 
signal  requires  us  to  know  the  frequency  of  the  foroed  flow  m  priori.  Instead,  we  assume  that  the  lift  signal 
I  In  such  cases  UA 


(322) 


CL{t)  m  te^«w( aM^ft). 

-  te-v«icox(«A/)4-6,sin<a*/). 


4  that  Ai  and  9  are  slowly  varying  m  time,  we  c 


ie»i  and  ft|  to  be  the  Fourier  ■ 
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Then  we  feedback  a  phase-shifted  version  of  this  demodulated  Ufl  signal  as  the  jet  velocity,  l\  with  appro 
prf«g^-^ 


W  »  <0«»(«V -  It)*  ft,  (r)wn(exr +  *)), 


(326) 


lift  atotcwrt  than  tbe  pomtive  pkt  shift.  Particularly  ii  a  -  40T.  wm  .  mp  dtxrmre  *  th* 
Lft  aftor  4  «  0.06  whereas  the  lift  decrease  was  more  gradual  at  tbe  negative  phaae  shift  Thu*,  forcing 
seems  more  effective  at  the  newly  forming  LEV  n  puUd  down  by  the  TEV  (lift -mcrcai  teg  phase).  On  the 
ocher  hand,  forcing  seems  (he  least  effective  after  the  maximum  lift  occur*;  when  (he  LEV  sits  closest  to 
Che  pfasc  and  is  pushed  away  by  the  grow  mg  TEV  (Uft-dccrrsmg  phase  V.  As  #  approaches  0-5  or  -0.5  (out 
of  phase),  the  forced  flow  result*  m  the  avenge  lift  similar  to  that  of  an  unforced  flow,  but  with  a  slightly 
smaller  magnitude  of  oscillation  m  lift  coefficient. 


100  ,  150 


Figure  5.2.*.  Maximum  and  minimum  lift  <□)  and  ht  average  over  time  (o‘ (top)  and  frequency  (bottom)  of 
phase  locked  limit  cycles  ai  different  phaae  duft,  fo,  for  (a)  a  .  4<T  aod  (b)  50 


where  a«  is  Che  avenge  vahie  of  the  output  ty.  which  can  be  prescribed  a*  0.5  to  fix  -  001  We  also 
adjust  Jt,  pcnod  caUy.  such  that  the  nm  smpiitude  of  l*  remain*  steady  and  similar  to  that  of  open-loop 
control.  Li  V  vane*  from  0  to  I 

The  ooaAgwbon  of  our  feedback  control  is  shown  n  figure  5  2-7  Lift  is  fed  back  to  the  eonuoQer 
which  has  two  parameter*  demodulation  frequency,  o*.  and  the  desired  phase  shift  *  The  oootroCer 
outputs  a  stausotdaL  ( S  thaiis  phase  shifted  relative  to  the  doemnent  frequency  of  the  Uft  signal  The  flow 
system  outputs  Q,  which  has  e  frequency  at  and  a  phaae  shift  It  relative  to  the  inpot  signal  1$, 

UCi*  phare4ocktd  to  the  frequency  of  wiB  always  be  (hr  ssmeas  the  frequency  of  Q  However, 
if  the  demodulation  frequency,  cut  is  not  equal  to  the  frequency  of  the  Uft  signal,  to,,  then  fo  will  be  different 
from  A  (films  q,saa  which  case  fo  »  Ak  Thus,  h  is  sccwury  to  add  an  wtegjal  pen  to  the  algorithm 
MidiusCssuwchChat. 

-*(•<{  tef).  (Si7) 

We  can  adjust  at  umS  it  renchc*  «c  and  thus  obtain  the  exact  desired  phase  shift  and  allow  (he  frequency 
content  to  ha  determined  only  bv  the  flow  Then  we  have  a  robust  compensator  to  explore  different  lmnt 
cycles  that  are  phase  locked  at  various  g  at  different  a 

Figure  S.2.K  invcaugaios  the  sensitivity  of  the  lift  and  the  frequency  of  the  forced  phase -locked  (unit 
cycles  m  the  changm  m  the  phase  shift.  4  at  a  -  40*  and  50*  Fwdhwk  was  shU  to  phaae  lock  tbe  flow 
at  any  desired  phase  shift  after  2-5  penodt  over  a  wide  range  of  0.5  £  4  £  0i5.  At  n  *  40*  as  shown 
m  figure  l(sl,  FB|  corresponds  to  the  lanit  cycle  phase- locked  to  the  actuation  at  4w>>  However,  the  phase 
shift  diet  achieved  the  highest  average  lift  was  not  Am  An  even  higher  lift  limit  cycle  was  achieved  near 
aero  phaae  shift  rerahmg  »  as  high  a*  Wh  mcreaw  m  the  average  lift  eoefficscnt  A  broad  nags  of  4 
(-A2fl£  $  £0  06)  resulted  m  average  lift  that  wea  higher  than  the  maximum  lift  of  (he  baaetme  flow,  that 
«  mere  than  *5%  it)  the  averaga  lift  enhancement.  At  a  »  Sff.  the  highest  avenge  b ft  occrend  near  aero 
phase  shift  and  over  a  range  of  4.  -0J  <  g  <  0. 16  the  actuauoo  achieved  at  least  25%  enhancement  over 
the  averaga  lift  of  tha  natural  flow  At  both  n't,  a  huger  range  of  negative  phaae  shift  contributed  more  to 


Figure  5.2  9-  Cotapanaon  between  open-loop  control  case  ( -).  that  phase  locked  the  flow  at  the  highest 
average  Q  (denoted  as  OL|  m  figure  5(e)),  and  the  corresponding  feedback  control  case  (-)  (denoted  at 
FBi  m  figure  5-2*)  Forcing  frequency  of  this  open-knap  control  ts  denoted  as  oqra  i-  <®d  Ac  average 
output  frequency  of  Q  of  the  feedback  control  is  denoted  as  avra, 


Recall  ■  figure  5(«k  tre  observe  a  very  small  domain  of  attraction  near  ay  *  0J  for  the  phase-locked 
limit  cycle  and  the  resulting  limit  cycle  has  a  positive  phase  shift,  g  w  )  However;  die  phase-locked 
limit  cycle*  achieved  by  due  feedback  have  a  wide  range  of  frcqoeodcx.  varying  from  0J  to  C  95  with  the 
corresponding  phase  shift*  ranging  from  -0.5  to  03.  Thea*  limit  cycle*  were  not  achieved  by  any  of  the 
forcing  frrquciKics  of  the  open-loop  control  w  figure  5(c).  The  feedback  algorithm  result*  w  phsie-tociod 
limit  cycle*  that  are  not  attainable  by  the  open-loop  forcing 

Figure  5.14  compare*  the  lift  signal  of  the  two  limit  cyckx.  the  hew  open-loop  cmc  at  a  •  40  .  derated 
a*  OL|  w  figure  5(c)  and  the  carmpooding  feedback  case,  denoted  as  FBi  m  figure  5-2-tt  With  open-loop 
control  at  fixed  a*t.  the  flow  secens  to  lock  onto  the  actuation  at  die  higher  avenge  left  cycle  dvrmg  earlier 
periods,  with  M  phaae  shift  clove*  to  Sw-  But  after  a  couple  of  periods.  #  drift*  away  from  *-  —  and 
(be  flow  eventual!  v  locks  onto  tha  lower  average  hfl  cycle.  On  (he  other  band  the  feedback  compensator 
prevents  4  from  drifting  away  and  sustains  the  phase  at  ft*,  producing  higher  svrmgc  lift  than  the  opera 
oop  control  Thus,  we  can  conclude  that  this  feedback  algondan  wafaitoea  the  ham  syck  with  a  agnifrrarS 

To  ensure  that  the  feedback  tt  Mill  required  to  stream  the  achieved  phase-locked  limit  cycle.  FBt  » 
recBUgated  further.  Feedback  m  turned  off  after  the  phase-locked  limit  cydc  has  been  achieved  for  a  long 
time,  and  the  forcing  signal  u  oototnued  with  the  open-loop  forcing  at  a  fixed  frequency,  ft*  m  shown  m 
ftgwe  5-1 10  Thu  behavior  of  unstable  phase  rekbemtep  ha*  also  been  drown  with  •  open-  and  cfoaad- 
loop  control  modd  of  an  acbllaUng  cylinder  wake  by  Tadmor  ct  si  (2004)  Notice  that  when  the  forong 
signal  is  continued  with  the  acruatioa  of  «*  ■-  ftVoc  .  the  flow  drifts  bock  to  the  pmaa  open-loop  baa* 
cycle.  When  U  is  continued  with  actuation  oscillating  wo*  ov-rn  ,  the  average  frequency  of  the  previous 
feedback  output  signal  (he  flow  display*  a  lorn  of  phase  lockup  to  Ihw  forcing  frequent v  and  k  display* 
u  These  reeUhs  indicate  that  die  feedback  c 
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corresponding  to  die  change  of  output  frequency  from  die  flow,  and  that  the  feedback  ts  cull  required  to 
metim  the  flow  at  the  high- Uft  limit  cycle. 

The  feedback  algorithm  staKhre*  the  Unit  cycle  with  a  significant  Uft  enhancement  that  an  not  attain¬ 
able  by  the  open-loop  forcing.  Furthermore,  even  with  careful  tuning  of  tbe  forcing  frequency,  open-loop 
forcing  cannot  sustain  this  lugh-tift  haul  cvck.  Thus,  the  feedback  achieves  higb-Uft  unsteady  flow  states 
dust  cannot  be  achieved  or  sustained  without  fc. 


100  200  500 


uinr-evre. 


Immersed  boundary  projection  method  The  fine  term  n  (he  Mai  squared  lift  over  die  opttonwxxi  horizon. 
The  second  term  penalize*  the  actuator  amplitude  in  ardor  to  keep  C¥  to  a  value  commensurate  with  the 
open-loop  control  discussed  previously.  The  control  weight.  C,„  b  determined  by  trial  rod  error  rod  b  held 
fixed  throughout  the  optswulssi 

At  each  iteration  of  the  optimization,  sre  modify  the  control*  sccording  to 

(3-2-9) 

where  g(g)  is  die  gradient  of  the  cost  function  with  respect  to  the  controls,  and  r  ■  the  fsocratiaod  distance 
determined  iteratively  (using  Brent**  line  mimmuanon)  so  minimize  foe  cost  function.  g(g)  is  found  by 

Jrt ♦)-*) /‘-XL*,  (JilO) 

where  f'  an  the  force  unknowns  in  the  Uneartaed  adjoint  equations  (Ahqja  A  Rowley  2001) 

(3  aid 


Here  q*  an  the  adjoutt  variables  (discrete  ctsculations  and  forces)  and  F*  it  given  by 

r«P7  Ftfm (ft  (5-2-12) 

The  adforot  operator  requires  the  fid]  flow  field  from  (he  (forward)  Newer- <tokc*  nmnlftoon  at  every 
tone  step  However,  m  order  to  save  memory,  we  saved  the  flow  sotanon  only  every  few  tana  steps  and  ured 
a  linear  interpolation  to  time.  Several  mat  Caere  were  door  with  a  different  number  of  lime  steps  skipped, 
including  a  cue  where  the  sokotron  was  saved  at  cvxev  time  step,  and  no  significant  different**  were  nosed 


Figure  5 1 10:  Conanusaon  of  feedback  control  care  tn  figure  5  2.9  with  apco-loop  control  afaq. 


504  Waveform  eprlratrarien 

While  feedback  has  been  successful  in  locking  the  flow  onto  sinusoidal  forcing,  resultmg  tn  higb-hfl  lanit 
cydc*  flun  srouM  br  otherwise  unstable,  ft  is  not  dor  that  sinusoidal  forcing  is  optimal.  Indeed,  aa  din 
cussed  in  saetroo  2  2  recent  studies  have  shown  (he  efficacy  of  pulsatile  (low  duty  cycle)  actuation  ( Amrtey 
A  Gleam  2002o.  Woo  a  ml  2006,  Cicspka  e*  aL  2004,  Greenblatt  «  aL  200*1  ht  tha  tectum,  optimal 
control  theory  to  used  to  determine  the  optimal  waveform  for  synchronization  of  vortex  shedding  in  order 
to  maximise  till  The  adjowt  of  (he  Uoranjcd  pmurbed  equations  is  solved  backwards  ta  time  to  obtain 
the  gradient  of  the  lift  to  changes  in  actuation  (the  jet  velocity),  and  thu  information  is  used  to  iteratively 


AH  o 


o  control  (4  -0)  for  the  first  iteration  «  1)  on  n 


At  each  itcncioo.  see  required  roughly  ten  fell  Navier-Stokes  smndatten  to  perform  the  lute  m— mi  ration 
(to  find  rL 

Optimization  was  done  over  a  horizon  T  -  .  where  A*  horizon.  T.  is  long  enough  to  overcome 

transient  effect*,  but  {umiod  by  the  computational  effort  so  perform  all  (he  required  iterations  and  to  tune 


approximately  periodic  signal  with  each  period  corresponding  to  a  vortei  shedding  cycle.  A  horizon  of  6 
periods  gave  the  results  presented  below,  and  teats  showed  that  the  remit*  were  not  very  sensitive  as  the 
horizon  was  varied  from  about  5  to  *  periods.  Once  the  iteration  of  the  optimization  converges,  tbe  control 
new  the  end  of  each  optimization  horizon  (transient  of  amount  umuiroocl  is  discarded  rod  the  opnatzation 


Opiumauon  revolt*  ia  a  periodic  control  waveform  after  a  couple  of  transient  periotk.  As  shown  in 
figure  5.114  thu  periodic  optima]  waveform  »  not  amuamdaL  bto  rather  composed  of  two  dutmet  pulse* 
per  shedding  cycle.  The  largo,  later  pulse  is  roughly  m  phase  with  the  maximum  hit  Ttei  result  will  be 


Tb  wwnmge  lift,  we  define  s  eost  ftmebana]  to  be  mtoimired 

✓  -  -  r  <5-2.8) 

where  %  and  /)  «v  the  start  sod  cad  team  of  die  optunumicn  honzoo  and  Q  is  surface  of  the  body  4  n  the 
control  input,  to  this  cast  f(f)  •  {^(r).  A  gam.  /,  i»  y  component  of  force*  on  (he  plate  calculated  to  the 


a  given  optimal  or  sinusoidal  control  waveform.  Different  values  of  control  weight.  CL.  results  to  a  periodic 


Fur  example.  C.  •  0J  gives  the  results  shown  in  figure  $2.14  where  Cp  it  about  two  times  lower  than  that 
rood  for  the  anrooKtal  forcing,  but  cnrapamble  Uft  is  achieved,  h  should  be  noted  that,  although  wecaama 
be  assured  that  this  da  global  optimal,  we  observed  umtiar  result*  with  different  values  of  control  weight 
and  different  initial  controls  (torn,  constant,  or  stomnid). 
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Figure  5-2.15:  Average  lift  of  opuruKd  control  (O)  and  <ined4oop  storamdal  forcing  (o)  at  different 
v^wpfC;aitt«4<r 


Figure  5-2-16-  Comparison  between  feedback  control  c 
(dashed)  and  S,  »  4  (solid) 


uata«40*:ft4-IO 


remit  mg  in  larger  ouaUxioe*  at  foe  magraaide  of  force  on  foe  yfoar  Upstream  actuation 
and  trailing  edges  ted  to  foe  enhancement  of  avenge  lift. 

We  ant  examined  cored- loop  control  aimed  at  rnnrnmatmg  and  mchmaHing  vortex  shedding  We 
applied  BPOO  models  to  foe  superontieel  flow  X  Re  -  100  to  obtain  reduced -order,  input-output  models  for 
control  design  The  reduced-order  models  uaod  a  novel  approach  for  applying  BPOO  to  unstable  systems 
where  {mow  srabiliiy  cigenfancwons  an  used  to  describe  foe  unstable  modes,  and  BPOO  is  then  applied  to 
foe  system  projected  onto  a  stable  manifold.  Feedback  control  was  designed  using  a  LQR  approach  with 
both  full-xxe  and  observer  -based  feedback.  Usmg  (bear  techniques.  foe  control  taws  were  able  to  nyprosa 
vones  shedding  even  m  a  nonlinear  context  when  applied  in  foe  DNS 

hi  open-loop  forcing,  it  va  observed  that  foe  hydrodynamic*  were  phase  locked  to  foe  actuation  at 
knees  o.  but  at  suflkicnth  high  or.  actuation  near  foe  natural  shedding  frequency  led  to  the  excitation  of  a 
subbarmooic  resonance  The  subhaimooic  limit  cycle  consisted  of  several  periods  with  a  different  penod 
averaged  lift  over  each  actuation  period.  When  the  forcing  tignai  was  at  a  particular  phase  shift  relative  to 
foe  lift  signal  (Ms-phase  at  a  »J0’k  the  actuation  achieved  foe  highest  lift.  However,  the  succeeding  penod 
became  slightly  out  of  phase  and  the  hft  decreased.  With  the  goal  of  obtaining  forced  bmrt  cycles  with  the 


Figure  52.!?:  Maximum  and  minimum  Uft  (C)  and  average  lift  (o)  of  phase-locked  limit  cycles  at  different 
phase  shift  with  optimised  waveform  (V*  »»  10)  at  O  ■  40"  Maximum  and  minimum  lift  of  bear!  me  (*  •  ») 


c  lift,  at  designed  a  feedback  algorithm  to  phew  lock  foe  flow  at  foe  dewed  shetUmg 
period,  particularly  at  the  phase  shift  that  gave  the  highest  period- averaged  Uft  The  control  utilize*  the 
modulation  and  demoddation  of  foe  hft  signal  in  order  to  output  a  stmawsdal  feeding  «  *h  a  specified  phase 
shift  relative  to  foe  hft  signal  The  ooupenaatt*  was  able  to  phase  lock  the  flow  at  the  desirod  vortex 
shedding  limit  cycle  that  was  not  sustainable  with  any  of  foe  open-loop  periodic  farcing 

Finally,  a  gradient -baaed  (afooux)  approach  was  applied  in  a  receding-honzoo  seeing  in  optimize  the 
control  waveform  m  order  to  maximize  the  lift.  The  optimized  control  waveform  is  not  sinusoidal  but 
rather  is  pulsc-ltkc.  with  each  penod  compared  of  two  tfistmci  poises  (a  primary,  a*  well  a*  a  tmafter  earlier 
pobcV  As  a  reauh.  fee  optimal  control  achieves  comparable  Uft  with  2  tones  lower  Ca  value  as  the  sinusoidal 
forcing  caae.  However.  if  applied  «  open  loop,  the  waveform  IWfos  to  phase  lock  onto  foe  optimal  waveform, 
degrading  the  Uft  performance.  We  generalized  foe  feedback  procedure  fox  had  bom  applied  to  sinuxudal 
waveforms  to  now  allow  the  compensator  to  determine  the  phase  of  the  output  (lift)  with  respect  to  the 
individual  Fourwr  mmpunent*  of  the  optimized  waveform.  Feedback  control  was  then  aMc  to  reproduce 
for  htgh-Uft  limit  cycle  from  foe  optimization,  but  starting  from  an  arbitrary  phase  of  for  baseline  limit 
cycle.  This  also  allowed  us  to  phase  lock  an  essentially  arbitrary  waveform,  enabling  oa  to  investigate  the 
aensrtmtv  of  foe  flow  to  for  phase  shift  a 
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6  Three-dimensional  numerical  simulations 


ot  shedding  to  forec- 

of  low  aspect  ratio  flat  plates  ami  aarfoda  at  high  angle  of  attack.  While  them 
of  all  foe  tfchnmwr  described  in  the  seettoo.  their  application  to 
forrahdnswiiMonal  flow  is  limited  by  the  much  larger  computational  reactance  and  time  required  for  their 
solution.  Nevertheless,  me  have  performed  extenww  simulation*  of  natural  and  open-loop  actuated  flows 
on  low  aspect  ratio  wa*s  at  low  Re,  m  order  to  eunure  foe  detailed  flow  physics  and  foe  l  ift -enhance* 
effects  of  actuation.  Parametric  studies  have  been  earned  out  to  examine  foe  effects  of  aspect  ratio,  planforra 
shape,  actuator  placement,  amplitude,  sod  frequency  Finally,  wa  report  x  foe  end  on  preliminary  studies 


6.1  Nataral  (krcc-dtmcasioaal  Dows 


a  (lift,  4 
(ft)  nffl- to  «T  and  aspect  n 


by  Fnrymafo  at  a!  (1947)  by  a 
qualitative  insight  into  foe  tl 


>  wings,  Torres  A  Mueller  (2004b)  have  experimentally  measured 


m  (4R)  of  0.5  to  2  and  waa  observed  to  be  quite  diffem*  from  fox  of  low- 
r  flows.  They  concluded  that  foe  most  important  paramour  fox 
*  is  fee  aspect  ratio  Transient  ttufocs  have  also  been  eondurttd 

o  of  wake  vortiocs  wax  presented.  The  experiment* 


by  Rtogococ  et  at.  (2007)  extcrwvdy  xtatied  foe  wake  vortiara  behind  low -a 
a  w  W  On  foe  numerical  aide.  two-dimensional  simulations  around  translating  wings  were  p 
by  Kamdani  A  Sun  (2000).  Also,  xudie*  by  Mitral  A  Teaduyar  (1995)  and  Cocyn  A  Vferendoek  (2006) 
Mg  low  -wepref  -ratio  planfor 


L  For  wings  X  post-atoll  angles  of  attack,  unxaady  separated  flows  and  vortex 


a  X  low  anglat  ef  x 

pect-rxio  wings  in  pure  translation  are  roO  nor  wufl-di 

il  flow  fori 

is  to  examine  the  aerodynamics  of  impulsively  started  low-aspect 
ralw  flat-plate  wings  under  pure  fraMtaboB  X  Reynolds  manbers  of  K>0  and  500.  \Hi  focueuo  foe  unsteady 
vertex  dynamic*  X  pox -stall  angle*  of  attack,  and  study  the  influence  of  aspect  ratio,  angle  of  attack,  and 
planform  geometry  on  foe  wake  vertices  and  foe  resulting  forces  art  foe  pbte.  These  Rrync  d*  numbers  are 
high  enough  to  induce  scparxme  and  unssrodmess  in  foe  wake  but  leas  enough  for  foe  thme-dimcnsioca} 
flow  field  to  retnaai  laminar.  The  regime  also  includes,  for  a  range  of  angles  of  snack,  foe  entical  Reynold* 
t  X  which  foa  flow  first  become*  mutable  to  xnafl  d 


angle  of  attack,  and  Reynold*  number,  foe  flow  X  large  tone  reaches  a  stable  steady  state,  a  periodic  cycle, 
or  aperiodic  shedding  For  owes  of  high  angles  of  attack,  an  aaynunxnc  wake  developed  in  d 
forecoon  X  huge  tuns.  The  presets  result*  are  compered  to  higher  Reynolds  nun 
rectangular  planforra*  are  also  considered  to  examine  the  difference  m  the  wakaa  and  forces.  After  the 
mtpuhuvu  start,  foa  font  X  whxh  maxmum  lift  ocxrere  ia  Itorty  eoestaxt  for  a  wide  renga  of  flow  condtbons 
duna*  foa  tasted  banner*  Du*  to  tha  influence  of  foa  bp  vortices,  the  Ureo-dimonsiatial  dynamics  of  the 
stake  vertices  are  framd  to  be  quite  different  from  the  two-dimensiona)  van  Kimton  vortex  street  ia  toms 
of  stability  and  shedding  frequtarey. 


Figure  fr.J.1:  A  typical  oompuatsonel  domain 
fix  piste  of  AM  «  2.  The  spatial  duocuzatioo 
foe  z-  and  v-dirocuoas  and  4  cells  for  foe  »lirKtMia 


ude  of  (he  wake  around  a  recmtgobr 
domain  is  shew*  for  every  5  «*U*  for 


(.1.1  Simulation  srtop 

The  numerical  method  and  its  validation  were  previously  presented  m  section  A  Sunolxiew*  are  performed 
to  a  large  rectangular  box  typically  of  Am  *-4,6.1’  *  \  5,5*  n  *■  5,5*  ia  foe  Xroam war  (a)  verucal  (y\ 
and  iprowiat  (x)  directions.  Typical  grid  size  ranges  from  125  x  55  *  10  to  200  x  IS  x  12K  with  foe  tmallcd 
resolution  o f  As  ■  0.025  for  the  case  of  AM  2  and  much  larger  asms  were  used  for  ammlabow  of  flows 
around  higher  taped  ratio  plates.  Gnd  saresJung  a  applied  an  all  directions  with  four  resolution  near  the 
plate  to  capture  foe  wake  structure  at  iQuXrated  to  figure  61.1  Extensive  studies  have  been  performed 
in  two  and  three  dimensions  to  cxtrarc  fox  foe  present  choice  of  gnd  resolution  and  domain  woe  dots  not 
influence  the  flow  field  to  a  wpafkant  manner  (previously  reported  at  Taira  X  si  (2007)  and  Taws  (2004)) 
Boundary  conditions  along  XI  aides  of  foe  computational  boundary.  i'J,  arc  set  to  uniform  flow  (t/„.O,0) 
except  for  foe  outlet  boundary  where  a  convective  boundary  condition  (~>  -  03  i*  specified  hands 

foe  computational  domain,  a  flat  plate  n  posmonod  with  it*  center  x  the  origin  This  flat  plate  is  instan¬ 
taneously  materialized  at  f  «  0*  in  an  awtiaDy  uniform  flow  to  model  an  mpuhavuiy  started  tramiatmg 
place.  Computation*  are  advanced  to  umr  with  a  t  me  amp  such  fox  (he  Coureot  number  baaed  on  foe  free 
stream  velocity  obey*  &LA//A*  £  0.5  Both  the  mtual  moment  and  foe  tsigc-ome  behavior  of  foe  flour  are 


6.12  Dynamics  of  wake  vortices  behind  rectangular  plmtforms 

We  ft  tat  consider  foe  formation  and  cvohitioo  of  w*k.i  vortices  behind  rectangular  flat  plates  ot  A*  -1,1 
and  4  xftmJOO  Snapshot*  as  figure  6  1 2  ihow  the  corresponding  flow  fickh  X  a  high  angle  of  attack  of 
a  ■  30* ,  The  wake  vortices  are  vituXtxed  with  two  different  u«i- surfaces  First,  constant  voniaty  surface 
(B»fc  •  3)  ia  shown  at  kghs  gray  to  capture  foe  vortex  sheets.  Second,  foe  second  invariant  of  foe  vetooty 
gradient  tensor  (Va).  known  as  Art  C<ritenoo  or  value,  ta  used  to  highlight  foe  vortex  com  depicted  by 
the  dait  gray  surfaces  (Q  m  J).  Fimtive  ^-values  give  prominence  to  region*  of  high  swirl  w  compel  wow  to 
Shear  to  represent  coheres*  wren*  (HuX  XaL  1900.  to  mcorxprctuhte  flows,  the  g-vaiue  m  prorded  by 
Q  m  4(105*  -  ISB1).  where  0,17*-  [Vmf  and  S  a  iVo  -  (Vu)r 
Pixes  are  nnpulmely  translated  m  ko  mmaDy  quiescent  flow,  g 
top  and  bottom  surface  of  foe  plates  ar-0*  Thereafter  the  flew  separates  from  foe  l*edu«  edge  and 
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tip*,  which  ad  as  Krone  « 


a  of  wrtidry.  Vwtietty  is  then  fed  into  (he  flow  as  vortex  sheets  thst  roll  up 


l  (he  plate  experiences  a  large  increase  in  lift.  This  enhanced  lift  is  generated 
by  the  low-pressure  owe  of  (be  initial  Icadwf-adge  vena  and  is  an  added  effect  on  top  of  foe  tift  achieved 
at  large  tune  (also  ahaervad  m  two-drocosioosl  flow*  be  Dickmsoo  A  o6u  (19938))  Now  that  tba  miua' 
topology  of  the  wake  structures  an  the  same  for  all  flmi*  AM  considered  here  and  the  phenomena  resemble 

g  a  swift  pitch -op  (Carr  1 9888) 


As  features  from  the  initial  transient  tore  their  effect  a 
wake  behind  the  plate  becomes  strongly  dependent  oc  the  wpect  ratio,  At  a  »  30  ,  foe  AA  «  l  ease  slowly 
naches  a  weedy  staae  wnb  a  pair  of  strong  counter  octanag  up  vortices  that  cover  the  entire  spun  of  (he  plate. 
The  vortex  sheet  created  fins  the  lending  edge  is  kept  attached  to  the  plate  doe  to  the  downward  induced 
velocity  front  the  Cap  vortices. 

For  a  plate  ef  AX  *  2.  foe  * 

(hat  accumulates  rpanwise  vortidty  over  time.  The  (ip  vortices  a 
edge  vortex  attached  Around  /  w  8.  two  consecutive  taring-edge  vortices  start  to  pinch  off  from  die  plate. 
As  the  detachment  takes  place,  (be  disconnected  vortices  sort  to  interact  with  the  tip  vortices.  This  inter¬ 
action  results  in  the  lose  of  the  columnar  structures  initially  avsinUincd  by  the  (ip  vortices  and  (educes  the 
downward  induced  velocity  onto  the  vortical  structure  residing  above  the  top  surface  of  the  plate.  Hence, 
one*  (be  initial  feruling -edge  vortices  arc  separated.  consecutive  formation  of  the  leading -edge  vortices  (hair¬ 
pin  vortices)  by  (he  roll-up  of  the  leading-edge  vortex  sheet  occurs  briber  and  at  a  higher  position.  Addi¬ 
tionally.  weakening  of  the  tip  vortices  allows  the  trailing -edge  vortex  sheet  to  morph  into  hairpin  vertices 
thst  shod  Tba  nonlinear  interaction  of  the  wake  voruces  results  in  an  unsteady-  aperiodic  flour  at  large  time. 

ID  the  aperiodic  nature  of  the  shedding.  Discretion  on  tbit  asymmetry  is  offered  later  m  f  6.1  J. 

For  the  largest  fail*  aspect-ratio  plate  considered  (Aft  a  4),  the  weaker  influence  of  the  bp  vortices 
aaon  the  span  results  in  more  strongly  pronounced  periodic  shedding  of  the  leading-  and  trailing -edge 
vortices.  The  shedding  frequency  (non-dimenuonaloed  as  the  Stroohsl  number  with  the  frontal  projection 
of  the  chord)  for  AX  -  4  is  found  to  be  3>  /csion/tL  *0.12.  la  eotfnet.  the  twx^diincmicuai  shedding 
frequency  for  the  same  Reynolds  number  and  angle  of  attack  is  S>  »  0. 16. 

Around  AR  *  3.  the  vortical  structures  from  the  fendmg  and  trading  edges  salt  appearing  to  separate 
Into  two  ccQs  across  the  span.  The  ceffular  pattern  referred  to  as  stall  cells  becomes  more  apparent  for 
AM  -  4  where  a  pair  ofhairpin  vortices  are  generated  from  foe  lending  edge  and  another  pair  is  created  from 
(he  trading  edge  resulting  in  a  rcloa*  of  four  hairpin  vortices  per  shedding  cycle  Such  flow  features  were 
slso  rsportsd  on  the  lop  surface  of  lbs  airfoils  with  oil  film  and  tuft  visualisations  bv  Wiakakmon  A  Barlow 
(198Q)  and  Yon  A  Kata  (1998).  respectively,  at  Re  *  ^(10*),  While  wc  do  not  notice  features  of  the  stall 
calla  directly  on  the  lap  *urfW»  we  ftad  qualitative  agreement  for  the  number  of  oefla  observed  some  short 
distance  into  the  wake 


merging  for  all  d 


l  Doe  to  foe  existence  of  the  righKangkd  eoraccs  on  the  rectangular 
hese  regions  and  the  sheets  roll  up  into  individual  core  structures  of 
a  tack  of  convective  vortidiy 


leading -edge  and  lip  vertices.  The  separation  of  the  vortical 
flux  in  (he  spanwisc  direction  (it  from  the  mod-span  to  the  tipi).  Such  transport  has  boon  sugarstod  to 
Mabitoe  the  teadmg-edge  vortex  for  flapping  wings  (Birch  At  Dickinson  2001,  Bvch  et  «L  2004b).  For  the 
« is  no  mechanism  to  rebevo  the  vortidty  being  fed  into  foe  leading -edge 
k  The  affects  of  icmoving  sharp  comm  by 


~ax^T 
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Figure  6  1  _2r  Top-port  views  of  the  wake  vorucct  behind  rectangular  pUscs  of  AM  ~  1. 2,  and  4  at  o  *  20* 
and  ft*  -  300.  Shown  are  (he  iso  surface  of  |m|*  W  ^  in  light  gray  with  vortex  cores  highlighted  by  the 
bo- surface  of  Q  ■  1  In  dark  gray. 


Figure  MJ:  Top  views  of  the  wake  vortices  behind  a  rectangular  wing  of  AR  -  2  at  a  ■  40  from  smoke 
wsadixatUMS  at  Re.  -  5200  and  present  results  at  Re  *  500  with  iso-contour  of  |eafa  *  S.  Smoke  visual- 
banana  are  from  Frcymuth  ctaL  (1987):  n 


4.1  J  Flows  at  higbrr  Reynold!  aamber 

Flows  behind  rectangular  plates  at  Ra  *  500  are  slso  simulated  aod  ere  found  to  be  uoular  to  the  ooes 
presented  here  for  Re  «  500  With  the  larger  Reynolds  number,  (he  wake  vortices  are  fen  diffused  but  the 
topology  of  the  vortical  structure  are  qualitatively  similar,  which  wan  also  noted  by  Dong  st  si  (2006)  far 
flows  around  flapping  foils  for  Re  *  100  to  1000. 

The  gaometnes  of  feu  vrak*  vertices  tn  km-Rrynolds-mxnbcr  flow  (Re-  47(100))  at  carty  times  fol- 
towu*  the  impulsive  suit  aim  resemble  those  in  flows  of  much  higher  Reynolds  numbers,  due  to  the  fact 
that  the  viscous  time  scale  (t»**r,/v)  is  much  larger  than  the  tune  scale  associated  with  convection  or 
areeteraiioo  (W  —  c/V- or/*,  ~ rapeenvety' 

Impulsive  flow  over  a  plate  of  AX  •  2  at  Re  •  500  aod  a  *  40  te  nmvUtrd  and  is  compared  to  the 
smoke  vuuatmtfiont  of  retrtioes  under  •  constant  acceleration  foam  quiescent  flow  m  a  starting  w  ind  tunnel 
(Fieymuthst  aL  1987)  as  shown  in  figure  6.L3  Reynolds  number  for  foes  experiment  is  defined  with  the 
constant  acceleration  the  chord,  and  the  kinematic  viscosity  as  Ra.  »  *  5200  fanowmg  the 

Doo-dimcnstanafaabon  by  Freymoih r fat. 

As  aceeterauoe  of  immersed  boundaries  conttibutoi  to  the  fewtarioe  of  vorhedy  (Hornong  1989k  the 
formatkxi  or  vortices  behind  a  plate  under  impulsively  translation  and  constant  acceleration  canoes  be  di¬ 
rectly  compared.  However,  foe  formation  of  start  iq>  vortices  should  be  qualitatively  similar  at  early  times 
before  viscous  effect  wgnficamly  udhicnccs  foe  flow  and  the  induced  velocity  of  each  wake  vortex  be¬ 
comes  large.  The  formation  of  the  start-up  vertices  is  Ohutrated  bv  the  snapshots  in  figure  6.1.3  with  smoke 
visualization  and  the  vortidty  norm  iso-surface. 

For  the  care  of  oonstam  acceleration,  a  characteristic  velocity  of  u.  •  n,/3eljfl  is  mod  to  aoo-dimcitciooalae 
foe  temporal  variable  Accordingly,  the  flow  fields  are  compared  at  foe  non-dunewional  tunes  of  fl7./c  and 


far  the  a 

mation  and  evolution  of  feadiag-odgr  aod  tip  vorticos  are  in  g 


plate  is  subjected.  The  exact 


hi  figure  6.1  Jw  it  can  be  seen  foal  foe  for- 
od  agreement  between  the  experiment  and 
anber  and  the  velocity  profile  to  which  the 


pinpoint  but  is  found  to  be  in  accord  by  its  faux  trail  of  smoke  at  earlier  tu 
capture* 

at  early 


Is  able  to 
to  the 

is  not  ritualised  by  the  n 

with  the  present  low-Reyookb-oumbs*  flow 


4.1.4  Forte  rscrlrd  au  (hr  phrtr 

Ucscstatfy  fivocf  on  AcccUntiiyt  liHotb  si  k 
flows  by  Drckuwou  A  06tt  (199)8)  aod  FuOm  A  Wan*  (2004).  In  foil  seoioo.  wc  consider  (he  fasces 
exerted  upon  the  plate  with  d 


6.1.4  for  Re  *300.  Here  remits  for  angles  of  anaek  of  o  €  (O'.  60*j  and  aspect  reoosof2  and  4  as  weUaa  the 
two- ifimmiiiuil  cams  are  shown  far/ C  {0,70*  Atr*0*,  foe  mpubivv  Mart  impoaes  mfinitc  aceeferatwo 
on  the  airfoil  in  foe  sucaowiae  directian  and  results  to  infinite  miUal  dreg  (pot  foown  for  graphical  clarity). 
Subsequently,  lift  starts  to  increase  as  accumulation  of  spanwisc  vorticity  instigates  foe  formation  of  the 
teadmg-edge  vencx.  Thu  tocreme  in  Sft  continues  to  about  I  m  1,7  to  reach  its  maximum.  The  rime  »  reach 
maximum  lift  »  observed  to  b«  fairly  eonpaat  m  foe  earn  of  finite  aspeet  ratio  wings  over  most  of  the  angle* 
of  attack  eooadcred  here  at  low  Reynolds  numbers  The  oarvcnality  of  (his  number  u  discussed  in  detail 


After  the  initial  start-up^  lift  is  reduced  by  m  much  as  hi 
to  figure  6. 1  4  Depending  on  whether  for  waks  at  Urge  tans  h 


ft  should  be  noted  that  foe  forae-dmtensfonsl  flows  of  Mutidctarwn  are  vnsdy  different  from  foe  two- 


4  Sow  a 


foe  von  KkrnUto  vertex  sawt  Doe  to  foe  abeam  of  foe  Up  vwtican.  fa 
strikingly  kigre  fluctuation  in  foroc  per  unit  span  m  shown  uiflgnre  6.  M. 

The  effect  of  aspect  ratio  cu  foe  forces  is  oeaasidcscd  by  comparing  foe  swaum  Uft  duriog  foe  ttanucm 
and  (he  cuno-avoraged  forces  at  large  time.  These  values  for  wings  of  AR  *1,2.  and  4*.  as  well  as  foe  two- 
thmeasioml  earn,  are  presented  in  figure  6.1.5  accompanied  by  the*r  mvnmd  (units  Stronger  influent*  of 
dosrewash  from  foe  tip  vortices  results  in  reduced  Uft  for  lower  aspect-ratio  platex  For  foe  tunkfof  case  of 
bft  is  much  higher  due  to  tbs  absence  of  tip  effects  (figure  6. 1.5a)  Rts 
Uft  achieved  woo  after  foe  impulsive  start  is  comparable  or  lu  gba  than 
it  far  low-togtocMatio  stnugbt  wings  m  incompresinhlo  flow  (llcbnbotd 

Q»  j  y  - - ■.  (Al  l) 


yjx-WAR)'- 


2/  AM 


This  limic  is  derived  from  the  lifting  surface  theory  far  elliptk  wing*  and  at  foown  to  be  in  remarkable 
agreement  with  wings  of  AR  <  4.  Lift  for  rectangular  wing*  of  0.5  f*  AR  <  6  is  accurately  predicted  with 
fob  equation  as  shown  in  Andersen  (1999) 


143 


>-aver*gtd  Ujw-Rrynoidwwmbcr  Sft  at  large  time  aad  the  about 
inviadd  model  *  low  angles  of  snack  (a  <  1(7  k  w)mr  the  (lew  are  toil  attached  (figure  AlJbV  The 
difference  at  km  angles  0/  attack  can  be  a 


from  ike  plate  at  higher  a.  the  rtvuod  approximation  a  00  longer  able  10  model  the  Ult  behavior  Tha 
high  value  of  ar,  mm  (.angle  of  maximum  tift>  was  also  reported  (hr  low  -aspect-  ratio  wings  as  Re  K  10s  by 
Torres  A  Mudlcr  (200*6).  We  moitiua  that  the  difference  bctwerei  (he  maxanum  (max  Q )  aad  the  avenge 
(avg  Ci)  lifts  u  the  lift  enhancement  generated  by  the  tnmaJ  kaang-edge  vortex. 

The  average  drag  values  a  large  tone  (avgCc)  foe  prevail  angles  of  attack  increase  with  decrerumg 
aspect  ratio  (ftguie  6  I  5c)  However  for  higher  angles  of  snack,  drag  coefficient*  arc  significantly  smaller 
for  ftmte-arpcct-ralio  wings*  m  contra  «  to  the*  two-dunena  tonal  analog  h  t*  interesting  to  note  that  both 
avenge  lift  and  drag  coefficients  bcoome  larger  past  a  m  20"  for  Alt  »  2  snogs  than  those  of  MM  m  l,  bum 
likely  due  to  the  difference  in  the  behavior  of  the  wake  at  large  tone  (discussed  iator  in  J415) 

At  Mr  m  )00.  the  viscous  stress  has  a  iigre heart  influent  on  (he  tfaag  expeneoeed  by  the  sag.  especially 
at  low  angles  of  attack.  In  cemparaoo.  at  Mr  «  10*  and  AM  m  1.  Toms  A  Mud  let  (20044)  reports  Co  • 
0.025  aad  0.1)  for  a  »  0*  and  10*  r  respectively  At  a  *  13'.  Co  *  OJd  is  recorded  by  Tones  and  MueDcr. 
a  value  close  to  what  »  measured  ut  the  current  study  also  'fijpae  &  1  5c V  Home,  we  argue  dial  part  Out 
angle  of  attack,  pressure  drag  u  the  main  cause  of  drag. 

Shown  also  m  figure  6  l  3d  ate  the  avenge  lift-*4rag  ratios  at  large  time,  tvg  (C1/C0).  w*uth  are  larger 
tor  higher  aspect-ratio  wings  The  ratios  pork  at  higher  angles  of  attack  for  low  aspect  ratio  plates.  While 
(he  two-dimcanona}  avg(Q/Q>)  reaches  its  maximum  around  a  —  10*.  <k*t  of  MM  m  1  is  achieved  near 
tt  m  20  This  may  suggest  favorable  operating  conditions  si  higher  angles  of  attack  for  (he  low  aspect  nuio 
wings.  For  high  angles  of  attack  (a  >  40" X  the  hftto-drag  ratio  far  different  aspect  ratio*  coalesce  10  the 


While  Mb  not  shown  m  this  section,  forces  matured  at  Mr  -  500  are  found  10  be  quamitatiuety  and 
qualitatively  simitar  to  those  at  Mr  «  J00  Interesting  differences  between  the  two  Reynolds  numbers  are 
observed  in  the  stability  of  the  wake,  which  is  described  later  in  54.1-5 

Next,  we  call  attenuoa  10  the  time  at  which  the  maximum  lift  n  achieved  We  denote  this  time  by 
t  and  (racrt  its  value  cm  figure  6.1.6  for  Re  «  300  and  500  h  ts  found  that,  for  the  considered  aspect 
ratioc  and  angles  of  attack,  r*  is  fairly  constant  around  1.7  (a  value  between  1-25  and  2-25)  became  (he 
profiles  nf  (he  teadmg-edge  vomers  are  similar  among  all  aaaes  Ax  the  aonanulstion  of  tpwrvnve  vomcity 
generated  by  (he  leading  edge  coutntatcs  to  the  growth  of  the  leading  edge  vortex  there  t*  reminiscence  to 


(Ohanb  c<  al.  1998)  Since  the  formation  number  t»  found  10  he  a  universal  quantity  for  a  variety  of  flows 
(e  g.  Icon  A  Ghanb  200*.  Mdano  A  Gharib  2005).  it  a  nor  surpnxmg  that  /'  is  also  fairly  constant  for  the 
throe -dtmcosKmal  cases  considered  here  b  the  ease  of  two  dimensttoa!  flow  we  otwerve  a  wider  rang# 
of  r*  between  1 3  and  2-4  for  a  <  45  At  higher  a.  a  second  local  maximum  starts  w  emerge  for  tha 
two-dimensional  flow  lowering  f*  significantly 

The  side  force  (Fj)  rammed  m  for  all  case*  that  reached  steady  «r  penexhe  unsteady  flow*.  However, 
for  apenodsc  flow  cases  observed  at  high  angler  of  attack,  the  wake  became  asymmetric  shout  the  nwd-cpm 
and  exerted  side  forca  upon  the  plate  This  unsteady  side  fortes  were  an  order  of  magnitude  smaller  than  the 
dormnaut  till  and  drag  force*  experienced  by  the  pUte  For  all  eases  considered  m  this  paper  (later  summa¬ 
rized  m  figure  4.1. XX  il  was  observed  (hat  aide  force*  have  amafl  magnitudes  of  /i/(lpid.4  <  0.02. 

The  genesis  of  these  aide  forces  n  discussed  in  the  next  section. 


(•)  <b) 


Figure  4  1.5  Os 


averaged  lift  coefficient  xl  large  time, 
lift  to-dng  ratio  al  large  tune  for  AM 


**  for  rectangular  plates  at  Re*  300:  (a)  maximum  lift;  (b>  time- 
(e)  time-avenged  dreg  coefficient  at  taiga  time,  and  Id)  tune-averaged 
«  !(  •  X  *  2(,i  A  A  4(^ktol20CX  Overlaid  are  the 

— )lnvtscid  lift  limit*. 


Figure  6.1.4c  Tune  at  which  lift  achieves  the  maximum,  r*.  after  an  impulsive  sort  for  different  angles  of 
snack  at  (a)  Me  -  300  and  (b)  Mr  •  500.  Symbols  denote  eases  for  MM  w  )  (  •  X  MM  »  1.5  (  ►  X AM  -1  2 
(CX^ff-3(?XdA*4(^Xaod2D(«X  The  mean  average*  are  shown  wuh  solid  Inks.  The  msol 


fijtwcs  are  the  corresponding  histograms. 


415  Largr-tent*  behavior  and  stability  of  (he  wake 


by  (he  u 


wake  behind  rectangular  plates  at  large  time  After  the  initial  u 
down,  <he  wake  teaches  oar  of  the  three  nils;  (/)  1  u 


1,  (if)  a  penodse  unsteady  state,  or  (ill)  an  aperiodic  unsteady  stare.  Examples  from  each  one  of  these 


<T  60"  AM  -  (1,15,2,3.4).  and  Re  -  {300.500})  aa  wall  as  (he  two-dawmiioo.!  flows  to  surrey  the 
stability  of  the  wake  at  targe  time  The  lift  histones,  such  as  the  ones  m  figure  614.  are  analysed  with 
Fourier  transform  to  delect  any  dominant  shedding  frequencies  es  shown  tn  figure  6  1  7  for  an  example  of 
Mf  =  500  and  AM  ■  3.  Depending  <m  rhe  angle  of  snack.  the  shedding  can  occur  wiA  a  dominant  shedding 
frequency  (periodic)  or  with  no  clearly  recognizable  frequency  (aperiodic).  The  dominant  frequency  m  tlx 
case  of  figure  41  7  is  found  to  be  £  - /esma/U.  -  0  12  for  afl  spectre  of  the  period*  shedding  caws.  The 
cocreqxmdmg  Stroifoa!  nrenhn  for  the  twtMlunmsiooa]  flow  sRi  *  500  is  -lightly  higher  at  St  at  0.14- 
0  16 

The  wake  stability  u  auromanred  for  tn  figure  6  1  8,  which  maps  a  against  MR  There  two  pararoeten 
were  found  to  be  (he  two  most  important  parameters  m  determining  the  stabdfty  of  the  wake  ar  Urge  tune. 
Suggested  boundaries  between  different  flow  regimes  are  drawn  baaed  on  the  daU  point*  collected  from 
numerical  expenmenis  The  shaded  regions  correspond  tn  flow  conditions  that  would  arm*  al  a  steady 


State.  Such  flow  can  be  ertber  attached  at  small  o  or  fully  separated  at  moderately  high  fir  The  steady  state 
ts  achieved  over  a  wider  limit  with  lower  aspect  ratios  a  nee  the  up  vortices  we  able  10  provide  a  downward 
Induced  velocity  across  a  larger  extent  to  prevent  (he  wake  vortices  from  shedding. 


by  lha  leading  and/or  the  (railing  edges  This  flow  profile  »  observed  for  the  white  region  left  of  the  dashed 
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Figure  6.14  Stability  of  the  wake  for  a  range  of  a  and  Alt  at  (a)  Rc  -  300  and  (b)  Rr  —  500.  Symbols 
of  •  awl  A  <ki  *t  steady,  unsteady  period  and  unready  apo  ad*.  oaka  at  large  cunc.  The  U-dcd 
**•  and  die  dashed  line  approximately  repeeaa nt  die  regran  of  stability  and  (be  transition  from  periodic  to 
aperiodic  shedding.  respsctirely  Shown  at  foe  top  an  foe  two-dknensksial  (2D)  finding* 


Figure  6.0.  Top  view  of  the  asymmetric  wake  at  large  doc  behind  a  rectangular  ptaie  of  4R  —  2  at  a  "60 
sod  Rc-  500  Vortices  arc  highlighted  with  iaooootount  of  Q  — 2.5.  The  flow  it  directed  from  left  to  nghi 
andfocwmgsikowainbiacfo 

to*  *  figure  &14  The  change  in  d*  dynamics  between  lha  dtaded  'sub-cmtcaT)  and  mshadod  (super- 
critical)  regions  can  be  viewed  as  an  extension  of  the  two-dimcreional  liability  boundary  We  claim  that 
die  change  in  the  dynamics  a  aaribtrtcd  la  a  Ropf-bifijecabon.  aa  Shown  by  Abiga  ct  a!.  (2007)  for  the  iwo- 
ttoscnaiooal  case  For  lower  aspect  ratios,  the  voncx  sheet  emanating  from  the  trailing  edge  forms  and  shed* 

The  mine  region  with  higher  aspect  ratio  of4R  >  2  shows  shedding  of  both  die  leading-  and  tailing-edge 
vortices  ahernateiy  is  a  periodic  fashion  (for  intance  the  case  of  R*  -  300. 4Jf  -  4.  and  a  -  30*  m  figure 


die  wake  now  is  comprised  of  four  vontces  of  similar  st 
vonicss  aa  well  as  s  pair  of  tip  tomcc*.  Th*  tip  t* 


y  the  leading-edge  and  Bailing-edge 


ry.  The  transition  dam  periodic  to  aperiodic  flow  t* 
d  in  figure  6.1 ,7  as  the  peak  for  (he  power  spectrum  at  St  -  0.12  becomes  no  longer  observable  for 
a>J0'  hi  figure  6.14,  this  aperiodic  unsteady  state  eorresponds  to  die  region  right  of  die  dashed  line. 
Tbs  aperiodic  (lows  arc  fi 


plane.  A*  the  wake  becomes  asymmetric,  the  wake  vortices  apply  nde  forces  onto  (ha  wing  and  the  flow 


field! 

•dge,  mid  tip  vostkes  give  rise  to  the  aperiodic  nature  of  the  flow.  An  example  of  an  asytwnctno  wake  n 
shown  for  a  rectangular  plate  of  AA  -  2  «  nr  -  40*  and  Re  -  500  (the  wake  for  the  lame  caw  at  earlier  tune 
a  Shown  in  $  6.1  JV  The  side  force  for  this  case  has  a  magnitude  of  |Cji  <  0.01  with  a  frequency  content 
(po  dwiwnam  shedding  frequency)  sank  to  those  low  frequency  contents  on  figure  6.1.7.  . 


For  much  larger  aspect  ratios  than  those  considered  hem.  the  wafer  most  likety  develop*  imp  either  a 
able  steady  bum  or  a  periodic  shedding  profile.  However,  th*  actual  three -dimcusmoal  flow  with  infinite 
span  would  probably  not  be  purely  two-dmseasioaal,  as  seen  for  fhsee-duaci 


cylinder  of  kfinoc  span  (Braes  ct  al  2001)  Spanwiac  pertwhationa  c 
.  Itcnce.fi 


of  spanwiac 
■  (stall 
(figure 


cells)  can  be  observed  directly  shove  the  lop  surface,  similar  to  the  structure*  soon  ui  the  44  —  4 
6. 1 J)  sod  those  previously  reported  by  Wukctmam  A  Bartow  (1980)  and  Yon  *  Kxa  (I69ff) 

The  stability  of  foe  wake  ta  also  mftuencod  by  tbs  Reynolds  number  la  figure  6.14.  wt  notice  that 
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for  4#  —  500.  the  steady  flow  profile  ts  achieved  for  a  smaller  range  of  angles  of  attack  and  aspect  ratio* 
compared  to  the  Re -500  case  Similar  (send  koto  for  the  periodic  sbedtfing  case  With  bereaass*  RcynbUb 


higher  Reynolds  n 


a  of  angles  of  tflack  rod  aspect  ratio*  At 
i.  h  may  be  possible  to  observe  changes  in  the  shape  of  the  stability  boundary 


Semicircular* 


Delia 


for  prolonged  duration  (Buck  d  aL  20046,  Poeima  real  2006).  Shedding  of  these  vortices  are  prevented  by 
reieitting  the  spanwiac  voroaty  through  coavectree  transport  from  the  root  m  the  tip  of  the  wings  induced 
by  wring  rotation.  Hence,  a  cominaousty  connected  vortical  structure  formed  by  the  leading-edge  and  dp 
rortkes  are  observed  for  flapping  or  resolving  wing*. 

For  rectangular  plates  *  pure  translation,  we  have  shown  earlier  that  the  initial  leading-edge  vortex 
detaches  io  a  similar  fashion  to  dynamic  stall  The  leading-edge  and  tip  vortices  remain  as  separate  vortical 
»  and  do  not  provide  a  mechanism  for  Iht  spanwire  vertictfj  to  be  retemed  other  than  shedding.  In 


order  to  prevent  or  delay  the  shedding  of  the  tcadmg-odge  v 


pUnforma  are  simulated  stOr-WandRc-JQOiac 
of  AM  -  2  presented  earlier.  The  geonsmnes  of  the  eUq 
chosen  with  AM  -  2,  4/s.  and  4,  respectively,  whose  a 


l.  we  consider  the  use  of  curved  or  angled 


•  (c  9  4/A  where  6  is  the  wing 
For  the  delta  wing,  the  sweep  angle  »  set  to  45*. 

Wake  structures  behind  the  noo-redangular  ^informs  arc  shown  b  figure  6.1  10  afler  the  fanpukiv* 
h  the  corraspresdmg  force*  is  figure  6X11,  For  (he  rihptw  and  mnuctrcirisr  cases,  there  are  no 
discontinuities  in  the  vortex  sheet  that  emanates  from  the  leading  edge  to  the  tips,  unlike  the  sharp  sepa¬ 
ration  of  the  vortical  structures  around  the  earners  on  the  rectangular  ptanfoRM.  The  curved  leading  edge 
encourage*  spanwisc  transport  of  rorudry  into  the  tip  vortices,  lienee  to  some  extent  the  shedding  of  the 
leading-edge  rortacal  streets**  tsdeiaved  While  the  Icadmg-wdge  hairpin  vortex  first  detaches  around  r  sal 
n  is  observed  as  a  latcrtime  <r  *  15)  for  the  rflip*k  and  scmicir- 
dofgt 

t  of  two  consecutive  leading-edge 


m.  There  is  a  dear  direction  of 
of  the  plate,  but  the  roll-up  of  tire  vortex  sheets  forms  a  stable 


which  ta  different  from  (he  rectangular 
A  stoadv  stare  ts  achieved  by 
the  left  and  right  vortex  sheets  from  the 
waka  structure  which  fas  turn  attains  «eady  lift  and  drag.  The  absence  of  sring  ups  for  tfcs  piaafons  aRowi 
(he  vortex  sheets  from  foe  leading  edge  io  roll  up  and  oonvoet  downstream  in  a  very  stable  manner  (see 
figure  6. 1  10).  For  R*«  M0.  the  tat  of  initial  leading-edge  vortices  is  larger  compared  (0  onea  from  higher 
Reynolds  number  flow  (Gursul  ft  al  2005).  One  can  otwervs  transient  behavior  of  (he  wake  until  f  as  15 
Beyond  this  point  m  time,  there  u  some  unsteady  thoddmg  of  small  vortical  structures  bchmd  foe  rolled  up 
sonkea.  However,  the  wake  and  the  force*  do  not  change  muck  past  I  w  1 5  approaching  the  steady  state 
We  observe  a  relative  increase  in  transport  of  the  tponwbc  vorticity  around  the  noo-rectangular  plac 
forms  k  companion  to  foe  roctangolar  planfann  aa  Uhiatraicd  by  tso-surfoce  of ,«  Via.  (nfigure6M2.lt 
should  be  noticed  that  there  is  an  absence  of  transport  of  m,  new  tha  leading  edge  for  ibe  rectangular  snng 
»  contrast  to  (be  scirocuvuLsr  and  delta -shaped  pianfonas  The  force  hi  lories  presented  in  figure  6  1  II 


2  IR' 


Figure  Al.lt):  Top-port  views  of  the  wake  vortices  behind  fofleacot  pkoform  geometries  at  a  —  30”  ares 
Re  —  300  with  the  iso-surface  of  |*»|i  —  3  In  tight  gray  with  vortex  cores  highlighted  by  the  iso-surface  of 
0—3  in  dark  gray 
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Figured.!. it  Tune trace of  UA  and fox* coefficients for r«c(*ngul«  ( - ). edtpuc ( - L semicircular 

( - and  delta  duped  ( - )planfocm*aiRe-300aia!a-  XT  The  ngfat  two  figure*  magnify  foe 

earapt  odmg  (cnrly-tune)  Kansan  bchevu:r  m  foe  LA  figure* 


Show  foat  ikiMtruMM  LA  is  apron*  hat  delayed  lor  e  2  for  (he  elliptic  and  wmicifcular  wuigv  is 
«m*emoottf*mL?tefoemctmgutepla»orrtit-2  Nuocfocfc»«,focpUeacejM»Mac«adrapMbA 


a!  in  Figure  6 , 1 41  for  do  rectangular  plate  would  not  tarry  over  to  0*  who  of 
e  Ok  diitcraicc  M  Itw  edhsenre  of  for  bp  voruwx 


dtacetsnd  «  the  non  rectangular  « 


Rectangular  Smnscuqfoe  Petra 

■^5c~v  ^  ^ 


Figure  6X12:  Top-port  vieweef  foe  (amain  —paw  of  ipenwue  vumeny  shown  by  foe  ieowurfaorof 
iu  V«fc1  •)*/«$. 


Conn  geometries  an  reported  around  rotating  wing*.  A *  Awnmod  m  jwmfl  Studio.  *  i*  suspected  that 


is  ear  of  foe  naa  mechanisms  for  foe  liable  attachment. 


&2  Firm  with  steady  forcing 


«%  now  owobitste  rteadv  htewwg  applied  to  tow-Raysoida-tiunihcr  flow*  arpuml  low-Mped-ralm  wings. 


4X1  ViaitwuuM 

la  for  following  simulations,  w«  introduce  a  body  force  to  roodd  aua^y  Wowing.  This  time-invariant  force 
ia  apphad  to  foe  flow  Add  a>  a  amfcem  strip  along  foe  spsn  ctyeemad  aa 

U-Crdl (*-«a)^ty  t*XJ> 

and  ta  added  a»  for  right  hard  aadr  of  the  momentum  rquataoa.  Eg.  <4. 1.  IX  For  the  cumin  medal  add**M 
of  macs  to  the  system  u  not  taken  Into  account  Hera  to  pmerbet  fo*  atreogih  and  the  dbecuon  of  foe 
actuate.  Thr  location  of  foe  actuator  »  specified  with(s^m)  at  foe  spamme  plane  and  h  denotea  foe  ipaq 
of  foe  plate.  The  function  H )  conapotfo  to  foe  fkawwde  Map  fanctxm  rcprmarting  a  «np  «  foe  spwrone 
dnetum.  In  foa  compuaumv  for  Ouac  delta  fonebon.  S{ ).  la  replaced  by  a  discrete  ddu  foacnaa  i{  ). 
panpoaad  by  Rome  el  at  (1W)  fort  regulari**  foe  singularity  aerate  5  ccUp  n  both  foe  s>  and  ?4jrneuoc» 


1 » 
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m  for  faitewing 


iw 


Tiij  IbrOJArSUISlJiAa, 

jfc  GxASm*. 

.0  afonmhr 


(6X2) 


foiled  by  foa  footmen  of  foe  wmtdaaow.  far  foe  curaam  acaiauu  model  forte  i>  not  a  dn«  «alog  for 
foe  physical  ifot  Width,  tinea  for  Emulated  blowing  doc*  not  out  through  a  dot  Hmca.  for  modeled  dot 
wtfoh  it  art  lo  foe  charactcmuc  length  acak  of  foe  dwoctc  della  Ametioo.  d«Ai-  0.04c  Compared 
«  foe  typical  Urt  widfoeefrt/ew <U>1  used*  flow  aonbol  Cte  eta!.  I9S9.  Duraumny  *  Bnefor  2CX*. 


d  In  after  foe  flaw  Md  in  a  n 


order  to  alter  foe  dynamic  of  foe  uaka  venue*  m  a  tow  Reynoldt-numbcr  flow,  ratho  large  values  of  C„ 
are  •decked  to  overcome  foe  nscoua  effect  (and  due  to  (Sc  large  aha  width  limited  by  foe  grid  nrautuocn). 
Stentard  values  of  foe  momentum  ewAwnt  m  part  «ud*»  h*«  maps*  from  C.  -  0.0  I*  to  10%  for  ap- 
pbcauooa  of  steady  blowing  on  wmg»  (lee  «t  at  l  Mb,  Otaaiaamy  A  fUader  2006.  ItoOoway  A  Rxhanfeoe 
2007)  To  tOunnia  foe  change  m  foe  force*  exerted  upon  foa  plate;  w*  apply  flow  control  around  a  rvetan- 
gtdnr  plate  ofdJT  *  2  at  tt  -  90*  and  Ae  •  300.  Thu  example  o  choutn  at  foa  wfog  ia  at  wsry  high  port  end) 
angta  of  attack  generating  »mmg  umnatm  of  foe  wnU  wtwn  and  mymmeoy  abort  foe  mnbpan  in  foe 
uaactuatcd  cam  (Tain  A  Coloowa  2001.  accepted).  ActuaUoa  akmg  foe  tending  edge  id  the  dpwmttono 
dawboownhC^  «ai0VOJl%.andl.0Sara<  aortawd- 

Figure  4.12  oihdna  foe  dwngca  in  foe  )»fi  aod  drag  forces  amiibmg  Aon  foe  laadmg-adgr  aenuteon 
with  varying  Cg-  With  an  actuation  effort  of  C„  •  A 10V  then  are  no  pronounced  dungri  m  foe  force*. 
A*  (he  momentum  cod&owttt  t»  mcrcamod  to  03114.  lift  etana  ui  dmw  rncrexM  from  foe  uwactuaicd  caac 
k  t»  entreating  «u  note  that  foe  drug  ternary  ia  kaa  affected  fay  foe  aewaanon  m  wxnportaon  to  foe  lift  in> 
creme  With  C0  *  1PV  a  ugmficaot  mcranrn  m  LA  of  5)1S  is  obrtrrad  at  large  tone  u>  a  tune  overage 
tenia  Steady  blowing  here  a  modeled  through  a  body  force  with  a  magnitude  to  the  ltd  direction  of 
/  ItaitfF  vaMr/^pUiU  m  A  L  ItA  entenonwetn  beyond  foa  value  can  be  Mhbmed  to  foe  awtsal  forces, 
fas  whnt  follow*  we  consider  the  use  of  —  1  .OK  to  capture  aouauen  tecaaiuoa  and  dteciwma  for  foe  same 
example  problem  Once  a  favorshk  letup  for  flow  control  u  identified,  other  conddioro  are  examined  later 
in  this  paper. 


(6X3) 


whan  I'm  *  foe  actuator  velocity.  To  chamctcnxe  foe  actuator  model  we  aimclacr  this  steady  blowing 
whh  a  prescribed  tm  in  rtt  hatinlly  tpiicaoenl  free  ipocc  Once  rteady  stace  m  echteved.  the  vefodty  at  foe 
cesnee  of  forcing  is  aetectsJ  aa  foe  chnmctanrtic  eefooty  LW  For  exantpte,  -Oil  correspond*  to 

UmJVm  rn  0J94  and Cv  aa  IdlH. 


Below  we  consider  foe  apptksuoa  of  needy  blowing  steng  foe  tending  edge.  m^kNud,  and  tnuimg  edge 
ia  the  upstream,  sideways,  and  don  nnream  fotediona  —  1.0*4.  Item.  Ibectsig  dueetioos  are  taken 

to  be  parallel  to  foe  surface  of  foe  plate  for  all  caan  For  example  downward  actuation  would  be  applied 
wuh  •  fW|co*of,  unflriy)  Sideways  actuation  n  fomted  outward  (tom  foe  nudapan  to  foe  tip*  «f 
(Sewing  A  coOestMoefhn  and  drag  teatonca  foam  for  controOed  flow*  are  presented  m  figure  42  3. 

The  top  two  jdou  m  flgunt  6  2.5  show  foe  force  intents  for  the  caaes  of  teadutg-edpc  actuation.  Ldt 
a  increased  with  downstream  Wowing,  at  foe  separated  flow  structures  become  c Icier  to  the  turfoca  of  foa 
ptett.  The  oarmpowdmf  low-prawn*  vortex  cram  sit  dueedy  above  foa  top  wirtaor  anhanong  lift  by  )4X 
ns  oaeqisoned  u»  foe  previoua  sncxion  The  dowmteam  Mowing  also  repoaiions  the  wsd*  wsrocca  downward 
past  foe  trailing  edge  mcraaafog  the  effective  fmnud  area.  Ttee  in  tnra  okocs  foe  drag  to  taaeaae  by  16% 
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1S3 


ILt/c 


F1gurc  6,2.3  Lift  and  drag  histone*  far  case*  of  leading -edge.  nudchotd.  and  trading-adgc  actuation  with 
Cm  -  1.0*  applied  to  the  seperased  flow  amend  a  roctaogniv  ptasa  ef  AM  m  2  at  a  -  JO*  and  Re  -  300. 
Solid  and  <iath  Una  corroapond  to  u 


With  floor  control  w  ft#  o 


an  poshed  into  the  freestream 
from  the  top  wrfoce.  resulting  in  the  low  of  the  low-prcwa*  region  near  the  surface  and,  accordingly,  a 
decrease  in  lift.  Outward  forcing  *u  applied  ta  hope  of  letcasmg  the  voracity  gcrscraicd  by  the  leading 
edge  by  b*ibqi»  apaowtac  flow  from  foe  uodapna  to  tha  tips4,  However,  the  right-angled  corner*  oa  the 
|  float  the  leading  edge  and  tip,  and  triggered  the  roll  up  of  ind*- 
»  (Le„  the  leading-edge  and  tip  wtrticca).  Hence  (he  leading-edge  vone*  and  (he  Up  vortices 
M  alt  time*  wither*  magmg  or  coonecttog.  in  spile  of  sideways  Wowing.  T 
panwta 

on  the  lift  or  drag  exerted  on  the  plate 
The  middfe  two  plots  so  figrac  dl3  6 
htsCooes.  The  noticeable  change  flora  11 


d  wake  structure  (shown  in  the 
next  section).  The  voracity  produced  by  the  plat*  is  stably  released  to  the  freeatieam  from  the  kodiag-edgr 
vortex  sheet  and  the  tip  vortices  at  dm  low  Reynolds  nurabnr  Although  this  actuator  setup  b  attractive,  it 
would  be  unlikely  to  yield  a  Heady  flow  at  higher  Reynold*  number*  uacc  mamraaung  such  suhie  wake 
structure  is  highly  dependent  an  viscous  diffusion  We  note  that  the  drag  is  also  afTeciod  as  the  wake  structure 
n  blearing; 


Thi*  control  arrangement  repositions  the  Up  vortices  away  from  the  plate  and  allow*  the  leading-  and  Iratitaf- 
edge  votnee*  lo  roO  up  and  shed  at  a  penothc  m— i  ■,  Such  behavior  of  the  flow  remits  in  a  large  floctuahon 
of  lift  on  the  wing. 

Out  of  the  location*  oomndcrad  m  figure  6.2.3.  the  wake  is  found  to  be  most  sensitive  to  momentum 
mjecnoo  at  foe  trailing  edge.  The  kft  shows  significant  increase  and  dactcnra  with  the  application  of  down¬ 
stream  sod  upstream  forcing,  respectively.  The  fonc  overage  lift  is  iaaeased  by  a  remarkable  100%  for 


■  for  foe  strong  a 

_  Upstream  and  d 

tcractioo  between  the  leading*  and  trailing -edge  vorticra.  Below,  we  will  Anther  examine  how  d 
stream  actuation  at  the  trailing  edge  modifies  the  vortex  dynuaacs  in  foe  vibrate  of  the  wing  and  oooiribuici 
n>  lift  enhancement 

To  cummanne,  we  have  observed  that  amady  blowing  can  change  the  dynamic*  of  the  wake  vortks*  to 

ost  anhstaotial  manner.  At  all  three  actuatur  positions,  steady  blowing  «  the 
d  lift  whereas  the  apstream  direction  reduced  lift.  The  aioet  effective  actuator 
for  foe  considered  example  is  found  to  be  at  the  trailing  odga  in  foe  downstream  direction,  doubling  in  lift  at 
large  tiine  flam  the  change  in  the  dynamic*  of  the  wake  verocca. 
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d  foe  rectangular  plate  of  AR  -  2  *  a  -  VT  and  Jt»  m  300  for  the  two 
ibovo  discussion,  namely  die  downstream  blowing  at  the  tnidchord 


l»wrthC,-4%»)nk 


«  hy  CaagMI  Cw^Mt  (t«M)  w  p 


soitams^wifa 


Figure  114  (Top)  Saapahois  of  the  targo^hne  wake  around  a  rectangular  wring  of  AR  «  2  at  a  •  XT  ami 
Re  m  300.  (Bottom)  Corresponding  time-average  pressure  distributioo  and  streamlines  along  the  midspan. 
Pleasure  contour  levels  are  set  from  -0J  to  03  in  increments  of  0.04  with  the  negative  pressure  shown  by 
the  dabbed  linen  Arrow*  indicate  foe  location  of  actual  ion. 


and  M  the  trailmg  edge  Sinuli 
of  the  wake  vorticca  at  large  l 
with  the  no-surfaces  of  frafe 


ne  (Umt/c  *s  70)  with 
2and(?-l 


in  figure  6. 11  representative  snapafaota 
arc  illustrated  in  figura  624 
Sclda  and  foa 


form  ad  by  engulfing  the  vortex  sheet  flora  the  trailing  edge  The  downstream  blowing  *1 
allows  for  the  flow  srwraJ  the  wmg  ta  achvme  a  stsadv  stale  as  shown  with  its  c 
figure  614(b)  The  tip  v 


onto  the  wake  stabilizing  the  leading -edge  vortex  sheet  The  voracity  within  this  sheet  is  d 
floe  stream  at  a  SKadfiu*  moaner  *t  this  Reynolds  nranbet  In  the  case  of  di 

liutfot  veiu 

d  of  (he  top  surface  of  the  plate  as  shown  m  figure 


Addmonaiiy.  foe  meamlmes  ere  deflected  farther 
downward  with  blowing,  directly  implying  thet  lift  on  the  wing  is  increased  based  on  the  m 
Note  that  the  roll-up  motion  *  foe  trailing  edge  flora  foe  marmatod  case  is  n 
blowing.  The  removal  of  such  roll-up  secant  to  be  foe  key  froor  in  modify  tag  foe  dynamics  of  foe  wake. 


Fpn  6X5:  An  dtetranoo  of  tip  v 


i.  we  prerant  figiae  613  for  foe  tmhng-edgs  blowing  but 
this  lifts*  also  captures  foe  flow  physics  for  foe  case  of  msddwed  blowing.  With  downstream  blowing,  the 
trailing -edge  vortex  sheet  is  pushed  further  downward  avoiding  direct  Interaction  with  foe  vortical  structure 
emanating  flora  the  leading  edge.  As  foe  trailing -edge  vortex  sheet  advents  downstream,  K  ia  rolled  into 
the  tip  vortices  which  in  turn  soengfoena  the  op  vortices.  Conseqmdy,  foe  wrong  downward  velocity 
induced  by  foe  tip  vorticca  preoes  foe  loading -edge  votuat  and  foe  corresponding  low  pressure  core  region 
onto  foe  lop  surface  of  foe  wing,  enhancing  lift.  Hence,  we  suggest  due  the  op  vortices  can  be  mod  as 
effectively  as  foe  leading-edge  vortices  in  applying  vomcal  forces  upon  a  body  While  most  of  foe  pan 
dumtsarnttf  in  circulation  contra}  (Englar  2WK  and  flapping-wing  aerodynamios  (Birch  at  aL  2004A)  have 
focused  oo  foe  ipanwisc  circulation  to  explain  foe  lift  onhanccmeou,  straunwise  circulation  (tip  vortices) 
can  also  coatnbme  to  lift  with  foe  currant  control  setup  Traditionally,  foe  dp  effects  are  thought  ef  aa  a 
nuisance  due  le  the  loro  of  foa  taw-pressure  region  near  the  tips  for  attached  flows  at  smaS  angles  ef  attack. 
However  we  emphasize  hem  that  the  tip  vortices  can  bo  uaod  favorably  to  enhance  lift  in  separated  flows 
behind  low  aspect  ratio  wings. 


6X5  Parametric  study  for  downstream  blowing  at  the  trailing  edge 

For  foe  dm  effective  case  of  dowostraun  blowing  at  foa  trailing  edge,  we  a 
ef  aspect  rabo.  asomanaum  arreffinirt,  aad  angle  ef  attack. 

The  time -average  lift  and  fifl-to-drsf  ratio  at  large  turn  arc  summarized 
increase  in  lift  and  lift-to-drag  ratio  over  a  range  of  angle  of  snack  for  C0  m 
foe  left  at*  foe  hme-mnerags  lift  coefficients  w*h  actuation  as  wd 
coefficient*  without  actuation  What  is  deaosod  as  the  maximum  lift  is  a 
impulsive  start  for  foe  uncontrolled  caaos  around  IL/fc  xr  1.7  (figure  6.12V  The  differentia  between  the 

a  hft  mhanocmcot  provided  by  the 
e  of  foe  initial  leading-edge  vortex  Enhanced  Uft  bom  rowdy  blowing  is  oow  doac  lo  or  Iwgcr 

L  as  weS  as  the  fawisetd  limit  of  lift  for 


I  m  figure  f  .2.6.  Wc  observe 
051%  and  10%  Shown  on 


y  following  the 
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*  for  the  wmg  Of  *Jt  m  1  .fa  figure  6X4.  w«  observe  that 
(he  Ume-eversye  lift  with  control  a  increased  peat  the  maximum  lift  achieved  by  the  uncontrolled  tracsient 
Flow  for  tiro*  sfl  earns  conwdrrcd  Again.  this  uwreaa*  a  not  from  the  addition  of  (he  numerical  body  force 
wed  lo  represent  steady  blowing.  TV  direct  contributions  to lift  from  aoch  oodcied  blowing  area  I  wna 
endOJsiaa  forC,  *  OJIS  end  1.0%,  respectively,  end  do  not  account  Ibr  (he  faU  increase  realized  here. 

Wuh  Sow  oeotrel  wound  e  wng  of  JJf  - X  the  ume-wmag*  lift  i  wrrher  increased  «pcc*»fly  wound 
aw  20  For  higher  a  the  inknctioo  of  the  wake  vortices  induce  the  level  of  increase  bat  (till  achieves  an 
*  far  bods  farcing  Mgaitudea.  A  similar  weed  holds  far  tbecaae  of  AH  -  4  with  peak 


performance  around  ff  *  20*  In  the  case  of  AH  -  1.  the  up  wrcecs  e. 
leaving  much  room  far  the  teadmt-edge  vortex  to  nay  near  the  top  surface.  The  Uft-to-drag  ratio  docs  not 
tow  a  iarje  enhancement  far  4A»l  when  compared  to  the  highcr-aqiect  -ratio  wings.  In  the  case  of  larger 
ewe  in  lift  due  to  the  Urge  extent  of  the  teat 


angles  of  attack  (Lc .  a  **  MT\  the  amount  of  lift  o 
flows,  downstream  Nowe*  is  not  able  to  keep  the  trailtng-edge  vortex  sheet  torn  tnutacung  with  other 
vertices  and  result*  a  no  significant  mnm  w  the  strength  of  the  Op  vortices  (unless  perhaps  with  much 
stronger  Moating V  Nonetheless,  this  actuator  setup  seems  to  be  effective  owiD  for  various  regime*  (steady 
Ml  unsteady  penodiefapenodte  alates  as  dtseussed  ta  the  uncontrolled  flow  section).  The  strip  of  steady 
blowing  at  Are  trading  edge  m  especially  astnobvr  far  AM  >  2  and  a  <  W  as  the  WMcMfcag  ratio  shows 
fubstantisl  ions  a—  as  well 

To  demonstrate  that  the  increase  fa  lift  te  attributed  u>  the  strengthening  of  the  tip  vortices  due  to  the 
downstream  tniling-cdgr  actuation,  wu  compute  the  reUcrre  mcreaae  in  umcevcragr  (avg)  lift  and  ttream- 
wiae  circulatioo  of  the  tip  veriest: 


femevgO/avg Cl  and  *r  *  onf/evg  r, 


(4X4) 


patch  ©fvorociry  (tip  vortex)  above  1%  of  their 
each  other  in  figure  6.2  7  far  actuated  cam  with  CJ,  •  0.5 1%  and  1 .0%  around  wipgs  of  AH  *  J.  3L  and  4 
Band  on  flpar  6X7.  the  eonektem  coeflksert  p(*r  A  )  ■  *"»«* »  be  0  952. which  indeed  wggots  that 

poxt-st^Tsngles  afattack.  Wdh  the ourreat  flow  control  arrangement.  ea  increaee  m  hft  as  high  ae  about  15 


r#-tan 


otdegj 


Figure  6X6  Tima  ■murage  lift  coefficients  and  Itft-Uvdng  ratios  far  wings  of  AH  -  1,  X  and  4  fat 
without  actuation  (O)  and  with  actuation  far  -  0i  1%  (V)  and  1  OS  (A)  Shown  also  are  the  masi 
tlfl  fur  unactual ed  care  (*)  and  the  invuctd  limits  ( — < — ) 


HI 
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Figure  6X7: 
a,  and  AM  •  4.  A) 


float  control  (4A  ■*  I:  G,AR  ■  X 


To  demoastraac  to  advantage  of  m*og  periodic  eadtaoon,  ws  compare  case*  s 
of?,  -  0JS  and  (C„)  as  0X5%  with  steady  forcing  case.  The  actuation  frequency  it  act  to  the  natu¬ 
ral  shedding  frequency  (I A,  flAn/ot  -  1)  The  hft  oocflkkm  a  shown  m  figure  6.5.1,  along  with  cases 
without  control  and  with  steady  blown*  K  ?,  «  0J%  and  1.0%  h  can  bo  noted  that  the  periodic  fatemg 
care  oae  achieve  significant  iocneaae  tn  hft  ftom  the  unoontrolM  case,  with  lesa  moaremum_atjectmn  com¬ 
pared  to  those  with  needy  blowing.  Hence  in  what  fallows  reduced  actuation  effort  with  C,  *  0-5%  and 
(C,)  m  025%  te  always  mod.  Wt  note  la  panmg  that  with  control  drag  is  not  increased  as  much  as  the  lift 


6X1  Effort  ef  Aetna  Aen  Frequency 

Let  us  next  onmkter  the  effect  of  the  actuation  frequency  on  the  behavior  of  lift.  For  Bows  excited  with 
frequency  about  aw  high  frequency  ft>-«a******'*i  generated  by  the  forcing  frequency  Is  observed.  Sbo—u 
m  Agree  65.2(a)  it  the  ease  where  wwi/M-  *  4.  The  outsail  trend  in  senna  of  Ibe  average,  mmimum.  and 
maximum  of  Aw  lift  are  similar  to  Are  caw  where  Are  Mowing  frequency  k  aw 

An  kail  airing  care  it  observed  when  wa  choore  to  Mow  the  trailing -edge  annex  sheet  at  a  frequency 
n  at  as  shown  m  Agree  6.3  .2(b)  For  «w/<A  *  0-7$,  Are  nueiroum  value  of  hft  it  also 
to  Are  teigeei  value  out  of  all  frequencies  considered  a  Aa*  study, 
p  of  Seifert  at  aL  (19964)  tire  no**  the  optimal  behavior  occurs  when  Kn/m.  W 
I.  As  we  examine  Are  lift  trace,  w«  notice  that  the  there  is  regular  shedding.  The  difference  between  thn 
erne  with  other  caret  is  that  the  roll  up  of  trailmg-cdge  vortex  sheet  into  the  tip  vortices  (strengthening 
mechamaeo)  and  Are  formation  ef  Are  leading -edge  vertices  are  ie  eynchwniaauon. 

For  farcing  frequency  of  to»/ai  <  0.5.  wv  obaarre  significant  varuuon  m  lift  over  tune  with  e  decrease 
in  Aw  nueomen  hft  eiore  to  Aw  Irvrf  of  Are  unactuated  f  are  See  for  example,  figure  6  J2(c)  where 
aw  a*.  aa  6 1.  The  tip  vortices  easmect  away  from  Are  wwg  in  between  Are  occurrence  of  Mowing,  resulting 
in  the  lorn  of  the  tip  vortkev*  coiumnw  structures  and  Aim  corresponding  downward-induced  velocity.  The 
key  here  It  to  avoid  decrease  in  till  or  n»  large  ftnrtutlino  mar  tana,  by  actuating  vriA>  e  time  teals  teat  than 


Figwo63.)  Lift  force  on  a  wing  ofdftw  2  at  a*  >a  wnh  steady  (  ?,  ■  05%.  ?„  m  J  &K.) 

and  periodic  farcing  ( - )  along  Are  trailing  edge.  The  care  without  control  k  alto  shown  (  ) 


(a)  l**:— — - — - - - ■ — r — 

c  iVs'^++**+*^^*<**++* 

M,0  2b  40  eb  *0  too 


Are  unactnased  and  ttWt/m,  *  I  iwuhs  superposed  as  (  I  and  (  )  respectively. 
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Ear  m 


#•0  #-2*/3 


#-4*/3 


Figure  63.3:  Snapshots  of  die  periodically  base  varying  wake  ti 
for  the  periodically  acttttcd  case  wiA  a^l/efc  »0  ?J  S 
and  £  •  23.  Arrows  indicate  the  Row  direction. 


*of|«|,»  3  (light  gray) 


Let  us  revisit  the  actuation  frequency  of  ttwt /«k  ■  0.75.  The  flow  is  tone-periodic,  which  is  visualized 
is  figure  4.J  3  The  mapshoU  ere  sampled  at  three  equally  spaced  phases  (0-0,  InfX  and  4*/3)  over 
a  dsoddmg  penod  The  fira  snapshot  at  $  -  0  a  selected  to  be  at  the  tunc  of  maximum  lift  with  thr 

vortices  dart  to  thin  out  near  the  roar  corners  of  the  wing  with  reduced  Wowing  By  the  time  of  £  -  4*/3. 


velocity  applied  on  (he  leading-edge  vortex  Around  this  time, 
interestingly  tn  a  cleanly  shaped  vortex  ring  (dearly  visible  with  the  visualisation  at  #  m  2*/3)-  Dua  to  th» 
arnchr  rueatmo,  (he  flow  Jorib  onto  m  fogh*/yl  store  by  keeping  the  low  pressure  core  of  the  leading-edge 
vortices  aa  doae  as  possible  to  the  top  surface  in  between  their  detachment 

Next,  the  actuation  frequency  u  varied  than  0.1  to  10  tiroes  the  natural  periodic  shedding  frequency;  as,, 
around  and*- 2  wing  at  a -30*.  The  forcing  inputs  of?,  -  03N  and  (C,)  - 0.25%  arc selected  a» 
in  (he  previous  examples.  In  figure  63. 4,  the  vanationa  in  tuno-average  lift  arc  shown  for  different  forcing 
frequencies  The  ban  and  the  shade  represent  the  amplitude  of  oscillation  m  the  lift  coefficient  Also 
tUustntod  by  foe  honrootal  hoc  is  the  lift  for  Ae  uncontrolled  case.  Highlighted  m  figure  6  3  4  are  Ae  two 
ranges  of  frequencies  where  die  umc-emspc  Oft  are  higher  than  those  other  forcing  frequencies.  The  goal 
in  the  next  section  tt  to  look  the  flow  onto  She  optimal  frequencies  for  high  hft  without  prior  knowledge  of 
■non  frequencies  (Lg.  esu/fo. r  035  and  MV 


6.4  Extremum-seeking  control 


Extremum  locking  is  a  method  of  optimal  control  of  nonlinear  systems  that  docs  not  explicitly  require 
a  model  of  the  system.  We  use  it  here  in  order  to  adaptively  tune  an  essentially  open-loop  approach  to 
separation  control,  la  particular,  we  apply  actuation  (in  a  form  to  mimic  a  synthetic  jet  actuator)  m  a 
particular  frequency,  and  use  etuemum  seeking  to  vary  the  frequency  in  order  to  obtain  the  maximum  lift. 

Extremum  seeking  control  (Kntic  A  W«g  2000,  Wang  A  Knrid  2000)  adds  a  pertmbetioo  (ossa  sat)  to 


Figure  63.4  Variation  in  lift  for  different  actuation  frequencies  for  A ft  -  2  and  a  ■  30*  show*  oa  the  kft. 
Tune-average  lift  coefficients  (•)  are  plotted  their  maxima  (D)  and  minima  (AV  The  horizontal  tine  (  -) 

denotes  the  avenge  lift  for  the  unactuaied  case  hounded  by  its  minimum  and  maximum  Olustiated  by  the 
dbadedbe*. 


the  system  near  a  maximum  opctaungpdm.  which  to  dua  case  correspond*  to  the  maximum  lift  achieved  for 
a  range  of  actuaneo  frequency.  A  diagram  of  the  extremum  seeking  algorithm  ts  drown  m  figure  6.4. 1  The 
resulting  output  signal  is  put  through  a  high-pass  fiber  to  removs  (be  DC  component  and  is  demodulated 
with  the  input  penuibetioo.  This  demodulated  ftmctioo  can  then  be  passed  through  an  aurgrator  as  an 
approximate  gradreot  update  to  improve  the  gueto  of  the  maximum  opcmtmg  pomf 

h  the  case  of  the  custom  study,  wo  aim  to  lock  the  shedding  with  ahw/tfo  0.75  or  M  that  corresponds 
to  frequency  at  which  the  tuna-average  lift  ts  at  its  local  maximum  («*  drown  in  figure  634).  The  immersed 
boundary  projection  method  will  take  the  control  input  of  actuation  frequency  and  provide  the  till  force  on 
the  wring  aa  an  output  The  lift  is  passed  through  a  time-averaging  routine  prior  to  entering  the  extremum 
seeking  algorithm,  depicted  by  Use  lower  half  of  figure  6  4  L 

The  advantage  of  this  method  ts  that  tbs  dynamics  of  the  flow  nood  not  be  characScrvwd  and  can  be 
treated  aa  a  nonlinear  black  box.  Hence  das  approach  seems  aa  a  promising  path  to  subtler*  the  flow  about 
iU  higfa-Jift  stole  The  onhr  eoooern  ro  designing  this  eontroOer  is  the  ratio  of  the  speeds  at  which  the  flow 
reacts  and  die  controller  updates  its  optimal  pores  of  operation.  V  fix  nonlrocanty  changes  thr  Sow  field 
me  scale  than  that  for  the  controller  to  take  its  effect,  the  algorithm  can  be  ineffective  or 
s  the  flow  can  lock  onto  a  different  cycle  from  what  is  oharrved  in  die  open-loop  oootrol 
o  on  this  pomt  it  provided  later  in  the  section. 

The  control  parameters  to  be  chosen  for  the  implementation  of  the  extremum  socking  algorithm  are  m 
and  to  for  the  control  perturbation,  the  integral  gam  A.  and  the  cutoff  frequency  Q*  for  the  high-pass  fiber 
The  perturbation  oaiaftor)  la  selected  such  that  it  la  small  compared  to  the  variable  to  control  (tob«)  and  is 
slowly  rarytng  compared  to  the  main  physics  of  interest  (shedding),  flcncc  we  acted  the  parameters  as. 

«4ayw«alM07S  and  «<as,*n«-0.t5 

The  integral  gain  *  is  set  to  be  03  (near  unity)  and  the  cutoff  frequency  Q*  ts  act  to  bo  equal  to  » tnodr  a 
high-pass  3rd  ordar  Bunerworth  fikai 

We  consider  providing  the  simulations  with  two  different  aulisl  condition  with  «*«/«.  »  0.7.  at  time 
%  which  u  some  large  tunc  Preliminary  findings  for  the  turn  evolution  of  actuation  frequency  and  tone- 
average  lift  are  Arown  ai  figured  42.  Nose  dial  there  two  a 
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Figure  6.4.1:  Setup  of  ei 


image  lift. 


frequencies  of  •  0.75  and  1.1.  Since  Ac  initial  guess  for  (he  forcing  ftequrodei  rod  the  control 

parameters  arc  taken  to  he  the  same,  the  presont  controller  seems  to  be  influenced  by  the  initial  condition  of 
the  Sow  field  resulting  in  different  lock-on  frequencies. 

It  can  be  noticed  thro  the  actuation  frequency  seems  re  converge  firoer  to  the  optimal  retustron  fraquen- 
Ctos,  compared  to  the  tune-average  lift  values.  This  can  be  a  result  of  how  the  lift  everaging  »  performed. 
In  the  presets  methodology,  we  simply  compote  the  avenge  ova  a  few  periods;  this  can  be  replaced  by 
a  low-puss  filler  instead  The  performance  and  (he  time  lag  iotonduoed  by  choice  of  avengrog  may  haw 
affected  how  soon  the  tune- average  lift  achieved  steady  sate. 

There  are  small  differences  in  the  average  hft  values  achieved  for  the  feedback  and  open-loop  cawes  (c/ 
figree  63  H  Thro  dueicpancv  could  be  crossed  by  the  preBmmay  results  ro  figure  6 4 2  not  having  reached 
ucady  values  end  possibly  by  the  interaction  of  feedback  control  and  nonlinear  physics  altering  the  orbit 
where  controlled  (low  locks  onto.  These  questions  are  to  be  investigated  further  as  computations  are  still 


63  Summary 


in  order  to  establish  a  k 


il  wings,  we  first 


focus  os  the  rowicady  vortex  dynamics  m  poro  suQ  angles  of  mack  Numerical  aunuUuoos.  vahdsacd  by  an 
ail  tow-tank  experiment,  were  performed  to  study  the  influence  af  aspect  raho,  angle  of  attack,  and  pfanfoon 
geometry  on  die  wafco  vortices  and  the  resulting  forces  on  the  plate.  Immediately  following  the  impulsive 
start.  Ae  sapreatod  flows  create  wake  vortices  that  share  the  aune  topology  for  aU  aspect  ratios.  At  large 


steady  state,  a  periodic  cycle,  or  aperiodic  shedding.  For  crecs  oflugh  regies  of  attack,  an  siywiraetric  wake 
developed  ro  the  spsnwtse  direction  at  large  time.  The  present  results  ate  oom pared  to  higher  Reynolds 
number  flows  Some  noo-roc tang\iiar  pianforms  ere  also  eonaidered  to  examine  (he  Afferenoc  »  Aa  wakes 
and  forces.  After  the  impulsive  stwt.  the  tune  at  which  maximum  Kft  occurs  m  (kuty  coosum  for  a  rode 
range  of  Am  oondmons  during  the  initial  tnuiaronL  Due  to  Ae  influence  of  the  tip  vortices.  Ae  three- 
dimensional  dynamics  of  Aa  wake  vortka  are  found  to  be  quite  different  from  As  two-dimensianai  von 


Kkrmin  rortex  (treat  A  terms  of  stability  and  shaddiog  frequency. 

Next  we  considered  Ae  application  of  stoady  and  roroirady  btowmg.  with  the  win  of  exploring  tech¬ 
niques  to  enhance  kft  by  directly  modifying  the  dynamics  of  the  wake  vortxxa.  Out  of  various  combinations 
of  forcing  location  and  direction  considered,  we  identified  two  configurations  Act  provide  significant  lift 
tfihrocrmroL  in  these  casts,  actaarioe  appears  to  strengthen  Aa  tip  vorboes  for  Incigeeod  downward  in¬ 
duced  velocity  upon  the  leading-edge  vortices  This  in  turn  moves  (he  low-pressure  core  directly  above  Ae 
top  surface  of  the  wing  to  grraily  enhance  lift.  Periodic  forcing  is  also  observed  to  be  effective  in  mcreastng 
lift  for  various  aapoci  ratios  and  angles  of  attack,  achieving  a  similar  lift  enhancement  attained  by  steady 

tt  also  found  that  Acre  exists  a  frequency  at  which  At  flow  kicks  oa  to  a  time-periodic  bigh-tift  state. 

Finally,  extremwo-eedung  optimal  waa  used  to  mae  Ae  open-loop  actuation  frequency  in  order  to  obtain 
Ac  maximum  lift.  Preliminary  rimulatmu  showed  Ae  efficacy  of  Uas  procedure  for  rapidly  ideetifvtng 
optimal  control  parameters,  men  in  CPU-intensive,  Aroe-dimcmiooal  sunulatoma. 
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7  Oil  Tunnel  studies  at  low  Reynolds  number 

la  An  wctxi*.  w  document  Ao  consirucuoo  of  and  preliminary  * 
mi  mom)  Cm  Bow  mhin4  DuU  Tb#  kK«m(o  of  wsng  oil  n  Ac  working  fltrai  OT  0 
number  aerodynamic*  can  bo  mailed  uamg  Male  expenmeot*  that  give  nor  to  *ufikx3irfy  U 
Ml  be  accurately  mceaured.  tad  bate  Kahn  that  are  txdTictcaalv  slow  to  enable  accurau  real -tan*  and 


o  wrap  4 


y(KV).C 


n  6  are  ongoing  in  the  facility  md  will  be  reported  m  a  tuuirc  Acsts 


7.1  Ofl  taud  facility 

T«  amble  flow  Makes  at  low-  SUyrailda  rwmta*.  •  recirculating  od  umel  »■  dangped  and  uwtallad.  Flow 
mend*  ap  to  2$  cm  s  arc  acWrvabk  Arough  Ae  $0  oat  v  SO  an  a  1$0  on  to*  sextain.  TW  warVmg  flaml 
la  a  while  mineral  od  wHh  a  Amuty  comparable  to  malar  but  •  kwematic  viseonty  comparable  to A*  of  a* 


7.U  . 

Needy  At  mat  wotted  mm  of  At  od  Manat  a  conattuncd  ofseeyik.  wnk  Ao  teat  Mown  taring  on  a 
wtldrd  rteel  frame,  Jongs  ara  solvent  wxldtd  and  flanged  jomu  art  mind  using  rubber  gntkafe  Tba  flow  it 
Aram  through  Aa  tunnel  by  an  Aurora  »*6al  1  3*4A  8*  ccotrifogal  pump.  which  *  powtrad  by  a  Toshiba 
BOOMFtF2AMtt04  ill?  mduettoo  motor.  FAd  la  pushed  Aroogh  a  m  inch  diamcuer  FVC  prpe  mo  Aa 
last  aeclML  Tba  pipe  w  perforated  once  K  eaters  A*  teal  Marion,  allowing  Ac  Hum!  A  be  distributed  sow 
Aa  Wqthi  of  tba  teat  tociM*.  Oboe  through  the  perforated  pipe.  And  pane*  throe**  a  flow  oorakbomug 
«eot*m  wmmrag  of  a  perforated  plate,  followed  by  a  honey  comb  section,  and  Anally  flaw  mesh  screens 
before  cutrnoj  the  mi  secuoo  proper. 

The  all  acrylic  construct**  of  the  tunnel  teat  section  allow*  optical  access  from  Ac  stdea  end  from 
below.  The  teat  section  ta 

the  mounting  point  for  the  mat  Hide.  TW  accaaa  cavity  u  ctaed  via  a  sene*  of 
eliminating  aa  much  ef  the  free  surface  m  pswsiblc.  while  atfll  allowing  the  auqg  mount  to  pas*  two  At  tea 

Oaare  flow  ttauala  through  die  test  section,  it  cttlan  At  return  section,  wbera  it  w  routed  bade  to  dm 
*0 

that  the  who**  teal  wetton  u  campkerfy  filled  with  <1 
x  cooling  loop*,  which  ere  corrected  to  a  pi 


n  auxiliary  pump,  which  {wwvxkt  both  easy  access  to  dratn/BU  tbe  tuuoet  and  pressure  fee 
n  flmd  far  flow  control  rxperumou  to  be  dtocnaaad  further  m  Section  71.  A  * 
la  shown  in  Figure  7.1.1.  Figure  7  1 2  shows  a  photograph  of  die  fisdlity. 

TW  entire  l wane'  assembly  coasatas  approximately  1 4  m*  Q 10  US  gallon.)  of  And 


7J4 

lo  ondc 


e  experimental  articles  os  Ac  lest  section,  a  mounting  tanembiy  was  in* 
ei  (Figure  71. H  The  assembly  la  a 


CooflngLoop 


Flgtn  714.  Oil  tunnel  facility 


1» 


l  TO 


which  is  bottod  mo  Ae  lab  coiling.  For  the  Cunoot  rapcrimcnCs  I  5  inch  circular  steel  pipe  ta  mod  to  con* 
nod  Ac  model  to  Ae  mount  aarambty.  An  intxsik*  adapor  sr  maafied  at  onr  end  of  tW  pipe,  sahich  provide* 
aosusrotrona  lie  the  aia-axi*  force  balance  The  pipe  u  mourned  to  a  cnwvbcam  whose  ends  are  attached 
to  rotary  damps,  which  allow*  Ae  angle  of  attach  wbtM  TW  ntey  eteapi  ate  mounted  m  turn  Ip  two 
aide  twit  parallel  to  the  length  of  Ae  Brand.  TW  crossbeam  cm  W  adputed  epetmam  and  dtramtomm. 
allowing  protat  poaitionrag  of  dm  model  at  tW  nraoeL 


FignmTi.):  Motrin 


7.14  Working  Atid 

White  mojcral  oil  ta  the  walking  fluid  of  Ac  faculty  with  a  dcomtr  of  83$  kg/nr*  and  a  dynamic  vumaity 
ef  13  3(10  *}  kgrm-s,  mulling  ia  a  boentauc  viacossty  of  1.0(10'’*)  mr/a.  This  corobuuOoo  of  density 

allows  force  levels  tw  be  high  enough  u>  mcraura  without  nssortaig  to  cxiraordiaray  masraira. 

•smmuw  Aa  rcuUbduv  of  iIsom  Auda.  and  ta  justify  oil  aa  a  choice,  costudea  a  model  with  a  characteristic 
lengA  wale  (is  Ats  case,  chord  tag*  c )  of  10  c toft  nod  aaoume  a  force  wwflicjaal.  Cr.  of  04.  Table  i 
ahowt  the  vviocity  U  requited  to  attain  tbr  desired  Reynold*  aumber.  along  with  the  force  per  twit  span  F/k 
aprticncad  by  (he  modd  for  water,  air  and  oft.  Force  per  urn*  ipan  u  calculated  using  Equation  7.1. 1.  with 
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Table  6:  Furcx*  and  flow  speed*  fro  a  10  cm  model  at  Row  1000 


Aa  cm  be  men.  Ae  dd&rmcr  between  die  kmcanrax  %tao«ty  of  an  and  ul  are  vwy  slight,  whit* 
mdkata  tta  a  gri«  mtsdel  at  a  grow  lUynota  niradwr  will  crpcstcfice  roughfv  usndaa  Asm  apataa  A  WA 
flunk,  but  the  force*  m  oil  wiU  be  nearly  MO  tanw  1st  gar  dan  I  taw  expose****!  in  ut  Thu  will  allow 
much  grower  cane  ef  measonmnrai  wiA  utT-Aawbelf  sensors  Water  *  density  nagbi  make  it  «  anracuse 
choice  at  Am.  but  Aa  kinematic  woosity  force*  Ac  model  atm  lo  he  two  order*  of  magnitude  ttnaOcr  for 

TW  particulat  osl  cboacn  for  this  appheatum  was  Chevron  Super!*  >k*hue  Oil  Number  5.  Thu  whiln 
rauxrai  od  »  part  of  s  family  of  odv  all  of  nrktmly  aomlar  dawsOes.  but  w  ah  wscouUsis  ranging  over  two 
orders  of  megrarodc.  TW  oil*  arc  irascible  a  one  anotbot.  afluwmg  for  Ae  adecuon  of  a  prcewe  staooasty 
duracteriatic  If  such  control  is  destrod  For  these  teats.  Ac  lightt*  viscosity  oil  waa  employed 


74  Tetnperalurt  control 

Aa  tba  fltasd  la  ps»bad  Aroqgh  Ae  test  sacuoa.  n  comadanUe  manual  of  wntk  »  done  on  As  Aod  If  Ac 
only  heat  saaovai  ia  via  conduction  to  the  laboratory  through  Ae  wsUs  of  tW  tunnel,  Ac  tutwel  temperature 
mn  by  roughly  2  X  p«  hoar.  This  lempetafuae  toextawe  baa  a  aaopg  effect  on  the  vacceiry  of  the  od,  era! 

sr  drift  ta  attain  gage  baaed  force  balances.  In  ordu  to  mediate  Ad  probhan,  row 
d  ta  the  Ktura  scctwo  of  Ac  tunoat.  Copper  waa  chosen  for 
necessary  due  lu  an  unfortunate  irmtuI  iocntnpnlibiUiy 

kb  the  oil  and  copper,  whtch  cauao  the  od  K 
w  wuh  meraurvfWM  techniques  uttlmg  l 
•il  incrcsuea  aa  the  coloration  tfrcngA  locicaacs. 

TW  cooling  loops  ate  connected  so  a  VESLAB  System  02  wraar-waio  hear  exchanger  umt  Tta  taail 
eccbaugc*  agwrut  Wilding  chiliad  wniec.  which  typscaUy  enters  Ae  budding  «  approxtmoioly  t  “C  TW 
umt  has  been  modifiog  auch  that  the  wtaperaam  art  porat  la  coasrollabto  vm  an  artenial  voltage  antnai  This 
a  connacaod  to  a  mforo-eontrolkr  board  an  which  bra  a  simple  FI  cuntruita  uperaaea  tt>  taguiaU  Ae  tunnel 
*  U  ten*ed  wwh  a  KTD  tensor  at  iW  exit  of  Ae  tort  section  (to  ra  nut  to 
t  flow).  TW  KTD  KBtuc,  a  PR1 1 -2- 1  DO  probe  from  Omega,  is  atlas;  had  to  a  CNM2DO- 
Fl-AL  AspUy.  also  from  Omega,  wlach  provide*  a  voltage  output  signal  scaled  with  temperature  Orarail 
Ac  Mwi  Mpencun  cm  be  raraatama!  anthia  Q 1  F  at  aO  tmsf  speeds 


74  Flow  cMtml  hardware 


Active  flow  ooottol  m  these  expenmenu  a  aahicsTd  through  thr  ura  «f  steady  and  tomeady  blowing  through 
alot  actualoa  embedded  wofoo  (be  expcraomial  modda.  hi  order  to  provide  Sum!  for  Aem  actutarm  an 
auwliaty  pump  mtem  wa*  uvsutlcd  TWstyttem  Aaw*  fluid  from  tbcietuni  sertton  of  AetutmaUprovulo^ 
appro* unxteiy  170  IcFa  (25  pm>  for  me  by  Ae  actuation  system.  TW  system  ptcaturo  It  mi  by  adjusting  At 
maun  throttle  valve,  and  Ac  supply  pacaouw  i»  sot  by  a  paaaaaae  regulator  doamattmrai  of  As*  vwlvn.  TW 
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Qtad  tea  b  sent  to  •  mcvco  port  manifold  Downstream  of  each  manifold  port  b  a  thrte  way  valve  tb at 
allows  the  actuator  channel  to  be  configured  aa  a  Heady  or  unsteady  channel,  or  to  he  shut  off  completely. 
Unsteady  actuation  u  provided  by  Omega  SV  27  solenoid  vahe*.  Once  rtuough  the  three-way  valve  (and 


Figure  7 -3.  I  Steady  actuation  plumbing  schematic. 


Flow  rate*  are  currently  meameod  with  a  Row  meter  upstream  of  the  seven  port  manifold.  The  flow 
meter  ba  JVA-20KG  spur  gear  positive  displacement  device  manufactured  by  AW  Company,  k  b  capable 
of  measuring  flowrates  from  6.3(10  T)  to  U(IO'4)  qtJA  (0  01  to  10  GPM)  Since  flow  rates  are  not  abb 
to  be  measured  on  each  individual  channel  simultaneously,  before  each  experiment,  each  channel's  flow  rate 
M  cstahhahed  by  adjustment  of  the  needle  valve  to  match  alt  of  the  other  channels  Once  all  seven  channels 
have  been  individually  set,  all  arc  turned  on.  Presumably,  by  equalizing  the  resistance  of  each  channel,  the 
flow  rate  oat  of  each  actuator  slot  should  be  equaL 

Unsteady  actuation,  as  mcnbonod  before,  is  accomplished  through  pulsing  solenoid  valves.  The  aoknotds, 
normally  closed,  require  an  120  VAC  signal  to  be  opened.  A  cuuotn  control  bos  was  designed  to  enable 
Opening  of  the  valves  using  a  SV  digital  output  signal  from  a  data  acquisition  device  The  circuit  ensures 
protection  of  the  DAO  device  aa  well  as  providing  over -current  protection  for  the  solenoid  actuators.  The 
soteaotds  have  a  time  response  apocifkabon  of  4  to  IS  ms.  whach  means  tbev  can  be  rekahlv  driven  to  more 
than  40  H*. 

On*  point  to  note  is  that  the  tune  response  of  the  flow  meter  is  relativelv  bonded  (.  I  -  2  Itch  so  unsteady 
flow  rates  are  currently  very  hard  to  reliably  report.  Several  alternative  flow  metering  optaons  hove  bean 
examined,  but  those  with  sufficient  tun*  tewshjtvio  have  currently  been  found  to  be  prohibitively  expensive 


Figure  7  3  2  Unsteady  a. 


7.4  Wing  models 


The  airfoil  accnoo  chorea  for  there  experiments  ts  (he  NACA  0012.  This  symmetric  airfoil  season  provides 
sufficient  room  for  the  actuation  pathways  to  be  embedded  wnhto  the  wmg.  The  wings  have  a  chord  length 
of  10  cm  and  a  qxn  of  2D  cm,  yiekhng  aa  aspect  latre  of  2  The  wing  tips  are  rounded  the  first  25%  of  the 
chord  ts  rounded  tang  the  haac  profile  revolved  around  the  chord  line,  the  remainder  uses  a  muoraln 
feature  lofted  to  the  trailing  edge  Figure  7  4.1  Shows  a  solid  model  rendering  of  the  wmg.  with  the  seven 
actuator  slots  on  the  suction  suttee  of  the  wmg  shown  across  the  span  at  the  50%  chord  postuon.  Figure 
7.4.2  shows  the  same  model,  but  with  the  actuator  channeling  exposed. 

The  actuates-  slots  are  independent  of  one  another,  each  hsvmg  its  own  asternal  phanhing  separate  tea 
all  the  others  Each  slot  has  a  length  of  25 .2  mm  and  a  width  of  0  54  mm.  Figure  74.3  illustrates  a  section 
cut  through  the  scourer  slot  and  cavuy,  showing  that  the  slot  ts  designed  to  produce  a  jet  of  fluid  tangential 
to  the  suction  surface  of  the  airfbtL 

All  of  the  geometry  for  the  wmg  b  constructed  using  3D  solid  modeling  software  The  resulting  solid 
model  hie  ts  used  directly  m  the  manufacturing  process  A  rapid  prototyping  technique,  known  a  fused 
deposition  modeling  (FDM).  b  used  to  create  the  solid  wing.  The  construction  material  b  a  polycaifeoo- 
stoABS  blended  plastic  material  The  FDM  techntqur  lays  up  material  layer  by  lays,  allowing  the  iniemal 
channeling  required  for  the  actuators  to  be  integrated  during  bodd  time.  The  model  b  constructed  with  an 


•Bipcical  stiog  attached  to  foe  pressure  surface  of  (he  wutg.  swept  back  at  an  angle  of  45  „  The  stmg  nut  only 

the  externa!  flow  supply  from  the  actuation  pump  with  the  actuator  slots  embedded  within  the  wmg  Upon 
receipt  of  the  wings  from  the  manufacturer,  the  wings  are  hand  sanded  to  remove  the  discrete  "Steps'  left 
behind  by  the  process,  which  has  a  finite  resolution  of  approximately  0.25  mm. 

For  base  lax  flow  studies,  an  clear  acrylic  wmg  model  was  constructed  Thu  allowed  for  User  iftmitna 
boo  to  pnas  through  the  model,  providing  the  ability  to  perform  DFTV  (Section  Ti.l)  and  DDF IV  (Section 
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Figure  7.4.2:  Wing  model 


152)  measurement!  on  both  the  suction  and  pressure  sides  of  foe  wing.  The  acrylic  wing  model  was  ma¬ 
chined  using  a  three  -axis  mill  taring  foe  same  jxofik  foal  was  qwdfred  for  foe  rapid  prototyped  models  A 
rtmg  was  created  usmg  rapid  ptoCotvpag.  which  was  then  affixed  to  the  aoryhc  wmg  m  foe  same  locaboo 
ae  those  made  via  FDM.  Thu  model  contains  no  actuation  channeling  and  has  different  surface  roughness, 
but  should  provide  a  good  hasrltnc  model  for  the  actuated  wings. 


7J  Measurement  techniques 

75.1  Digital  particle  image  vdocimetry  (DFtV) 

e  for  obtunmg  velocity  field  infer 
a  Sum  a  flow.  Digital  panic  Is  image  vclocimetrv.  fust  introduced  by  Wilbrt  A  Oharib  (1 99 IX  has 
x  a  pnmary  tool  m  most  modern  fluid  mechanics  research  The  basic  concept  involves  imaging  a 
ttnormonai  tike  of  a  flow  field  foal  hat  been  seeded  wi*  particles  capable  of  following  the  flow.  The 
n  from  the  panicles  b  reoonfcd  via  a  digital  winging  camera  (such  as  a  chargceoupkd  device, 
or  CCDk  A  pulsed  laser;  wbmc  light  b  formed  u*o  a  thin  shoot  through  the  use  of  cylindrical  leases,  freeres 
the  panicle  images  is  the  exposure.  Two  exposures  are  acquired  within  a  very  short  time  of  one  another  (on 


the  order  of  nulloocoodj  or  farwrX  These  two  imago  ue  subsampled  (a  process  referred  to  at  windowing) 
and  (he  corresponding  subuopto  from  cedi  Image  are  subjected  to  a  cro«*~correUtioa  processing  step. 
Typically,  this  involves  computing  foe  Fourier  uamfwin  of  foe  two  windows,  followed  by  muhipticauon  of 
(he  transformed  samples,  and  finally  computing  (he  inverse  Fourier  transform  of  foe  product  Thu  process 
yields  a  oarrclaikn  plana.  If  foe  two  gi 
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peak  will  exist  whose  location 
The 

vetoes  foe  Out 


v  for  the  particle  image* 


divided  by  the  cum  between  the  e 

Moamy  foe  the  technique  we  the  following 

•  Camera  and  camera  optica  tor  generation  nod  acquisition  of  digital  images 

•  Laaar  and  aasuoMtod  optica  for  ithamnjtxm  of  flow  field 

•  Seeding  paitiekt  capable  of  (bfiowtng  the  flow  and  scattering  mfltakid  light 

•  Tumng  hardware  for  fawn 

•  Software  for  process  tag  of  resulting  image  pain 

•  Computer  workstation  for  hew  tog  appropriate  hard* 


DPIV  cam  poo  rata  The  camera  chorea  for  ihu  invotigitidn,  the  1PX-2M30G  (S/N  60287),  utilizes  a 
1600  x  1200  monochrome  CCD  and  ir  manufactured  by  baperx.  be  It  n  capable  of  acquiring  full  it» 
ution  imago  at  31  frames  per  second  (fpc  It  features  GigE  output  horn  an  onboard  fratnegrabber  via  a 
CAT-5  nerwock  cable  A  high  performance  driver  a  provided  that  give*  transfer  rate*  upwards  of  I  Cb'v 
provided  the  network  interlace  card  (VIC)  chipset  is  based  on  the  Intel  PiW  000  family.  Installation  of  the 
acoompanying  dmers  reconfigures  the  NIC  such  that  the  computer  raeogrurcs  U  as  a  frame-grabber  device. 

The  carom  is  capable  of  bemg  triggered  vu  an  external  pulse  or  via  the  onboard  pube  generator  If  the 
external  trigger  m  used,  a  TTL  pulse  can  be  connected  at  the  'Trigger'’  input  oo  the  camera.  The  atonal 
trgger  can  be  output  on  the  1 ’Strobe”  output  oo  the  camera  The  frequency  and  duty  cycle  of  the  onboard 
pube  generator  u  configured  » the  Lnn  GigE  Application  by  spcctfvtnj,  the  high  time  and  fire  time  for  the 
ngnal  at  uM  of  '‘granularity"  (clock  cycles),  where  I  unit  corresponds  ip  30  ns.  Calculation  of  the  correct 
settings  is  straightforward.  Assuming  a  50%  duty-cycle,  die  grand anty  b  calculated  based  oo  the  desired 
trigger  frequency  (/)  as  in  Equation  7-5.1. 


the  granularity  is  selected, 
73J. 


.  1  I  1 

1310*9  30(10  V)  7 

the  correct  inpuls  for  the  wnfch  end  delay  Raids  are  computed 


(7-5.0 


widfo  •  cycles  x  granularity  x  30 
where  eytks  t*  defined  by  Equation  7  53. 


(7-52> 


*^*[(s7^nular«y  30(10  *})j 

The  Inaen  havee  maximum  fire  rate  of  1 5  lb.  Thus  with  the  granuiantv  ret  to  17,  the  input  for  the  width 
and  delay  is  33333,090  ns  (cortaponding  to  *5359  cydeak  producing  a  15  I U,  50%  duty-cycle  pube  train 
A  SMC  Penux-A  1.2  50mm  kna  u  used  along  with  a  Ctnooat  adapter;  since  the  lens  features  a  It* 
mount  configuration.  The  aperture  is  stopped  full  open  to  allow  the  maximum  amount  of  bght  to  ooUeet  oo 


The  lasers  used  for  this  investigation  arc  Gemini  NdrYAG  PfV  lasers  (S/N  10)4)  and  S/N  10142)  from 
New-Wave  Research.  They  (aatier  a  dual  laser  head  conftgmtioo.  alkmrtqi  two  120  ml  pubes  to  be 
generated  at  very  small  temporal  reparations  The  nominal  pube  time  is  S  «i  and  each  head  r»  capable  of 
firing  at  s  maximum  rate  of  15  Hx 

The  laser  beam  »  passed  through  a  lens  stack  consisting  of  a  cylindrical  lens  followed  by  a  spherical 
kna.  The  km  stack  causes  the  beam  to  be  formed  hmo  a  sheet,  which  in  this  case  is  onctaed  parallel  to  the 
lab  floor.  A  nghl  angle  first  surface  mirror  a  tsard  to  turn  the  hgfrt  sheet  up  mto  the  teal  section  tkougfc 
the  tunnel  floor  This  results  m  (ha  fight  sheet  ilh  urn  mating  the  model  along  the  chonfimc  at  some  specific 
spaowiac  station.  This  minor  it  on  a  movable  traverse,  which  allows  this  spsowtsc  sunco  to  be  changed  if 
dwired.  Figure  73.1  illustrates  the  tlhimination  setup. 


for  the  snagr  processing  to  yield  usable  velocity  information  The  acadrag  particles  mat  he  of  sufficient 
an  to  effectively  scatter  the  light,  but  he  small  enough  to  feithfuQy  follow  the  dynamics  of  the  flow  under 
investigation.  In  tha  case,  the  particles  chosen  are  silver-coated  hollow  glass  spheres  with  a  nominal  diam¬ 
eter  of  44  pm.  These  particles  arc  obtained  from  fewer  Industries  under  part  number  SII230S33  There 
panicles  are  actually  slightly  larger  than  one  would  normally  choose  for  oil  applications  based  oo  scattering 
considerations,  but  the  seeding  requirements  for  DDP1V  (sec  Section  73.2),  was  a  partial  driver  for  choos¬ 
ing  a  larger  panicle-  However,  in  spite  of  their  larger  sine,  they  arc  actually  jtnS  slightly  buoyant  to  osL.  with 
an  average  density  of  03  g/oc  Tracking  individual  particle*  in  the  frvextreara  through  a  series  of  images 
{whan  the  s—dwg  density  a  low )  stems  to  tndreate  (hat,  over  the  field  of  unarm.  the  particle  motion  due  la 
buoyancy  should  have  negligible  impact  oo  the  Anal  result*. 

Tbs  tumng  of  the  laser  pubes  is  controlled  by  sending  two  triggers  to  each  laaar.  One  trigger  fires  the 
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energy  to  foe  laaar  system.  The  other  trigger  fires  the  q-swrtdt.  which  is 
responsible  for  allowing  foe  high  energy  laser  energy  to  be  released  from  the  head.  The  total  laser  out¬ 
put  energy  ia  scontiv*  to  foe  amount  of  tana  between  firing  of  these  two  trigger?  so  precision  control  b 


To  schim  duty  a  counter /timer  board  is  uard  to  generate  the  correct  pulae  trams.  The  PCI-6602,  man¬ 
ufactured  by  National  Instruments,  has  eight  counters  svailabk,  of  which  up  to  five  ate  rood  foe  this  appli¬ 
cation.  Lab  View  1.6,  also  provided  by  National  Instruments  is  foe  software  used  to  ooofigurv  (he  hardware 

I  (VI)  tract  panel  used  to  Mono)  foe  timing  board.  Several 
%  a re  available,  depending  on  foe  type  of  experiment  to  be  dona.  Enabling  foe  “Mode 
for  foe  expcranctU  type  selected.  Disabling  the  toggle 
*  to  be  rrumuafiy  set  by  foe  user  The  options  set  by  each  mods  arc  listed 
ia  Table  7  “External  Trigger"  refers  to  whether  foe  tunmg  card  receives  an  external  time  source  or  uses 
an  Internally  generated  pulae.  “Wait  for  DAQ  Initialization  '  determines  whether  foe  pulse  train  will  begin 
w  upon  receipt  of  a  ready  signal  from  (he  data  acquisition  process.  “Stop  an  DAQ  Finish'' 
»  foe  pubc  tram  will  be  terminated  upon  successful  acquisition  of  all  n 
k  afl  modes,  foe  naer  chooses  foe  bnung  between  the  fmng  of  the  flnt  laser  and  foe 
produce  image  pain  that  can  be  correctly  processed  by  foe  DPIV  software. 


Table  7’  Mode  configurations  for  DPIV  timing  VI 

Tha  PfV  processing  software  ia  provided  by  PTVTec  GmbH,  which  ia  an  offshoot  of  foe  PJV  group 
lod  by  Chris  Wfllcrt  at  foe  German  Aerospace  Center  (DUO.  h  provide*  a  comprehensive  toolkit  for  pro- 
l  DPIV  image  pairs,  incorporating  most  of  foe  currently  known  ti 


n  interfere  to  receive  captured  images  from  foe  camera  a 
S  Uming  of  foe  necessary  triggers  I 

f  software  applications,  finally.  DPIV  image  processing  software  ia  mod  to  provide 
tbs  final  vector  beids  that  are  the  ultimate  result  of  the  method 


Digital  defheuaod  particle  image  veiocuncirv  was  first  proposed  by  WUkri  *  Gharib  (19923  k  »  a  voh*- 
metric  technique  to  measure  3D  position  and  velocity  components  of  particles  in  a  flow,  IT  foe  particle  cloud 
h  viewed  through  multiple  apertures,  each  panicle  will  generate  one  image  only  if  it  Iks  on  tha  food  plane 
of  fee  camera.  If  foe  pettidefs  located  off  foe  focal  plane;  multiple  images  of  feat  panicle  ate  generated  oo 
foe  image  plane.  The  separation  between  particle  onagra  u  directly  related  to  the  particle's  distance  from 


Figure  73.2.  DPIV  tuner  VI  encrfecc 
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Two  banc  limitation*  of  Ac  method  cxid  Fun,  the  use  of  a  multiple-aperture  mask  on  a  single  ten* 
camera  produce*  an  image  with  heavily  overlapped  particle  image*  whan  seeding  density  i*  niflicicntly 
htgh  id  obtain  good  spatial  resolution  Additionally,  due  to  (he  snail  operation  of  apertures,  only  very 
retail  totenogatioo  vot  vanes  wen  possible  h  owkr  to  overcome  (hear  Unwtariom.  die  DOKV  technique 
w»  extended  to  a  multiple -camera  implementation  Pereira  A  Ghsrib  2002).  with  each  camera  uultzutg  a 
angle  aperture.  Three  camera*  of  aqua!  focal  length  are  arranged  in  an  equilateral  triangle  configuration 
with  upbeat  net  parallel  to  one  another.  Figure  7-5J  shows  a  schematic  of  the  camera  and  the  resulting 
measurement  volurne  (the  cube  enclosed  mode  the  pyramid). 


A  muta -plane  eahbratioe  method  is  employed  to  quantify  the  deviations  caused  by  mechanical  rnis- 
alifomcnt,  optical  distortions  and  noo-idcal  optica  Thu  provides  a  mapping  function  which  it  applied  to 
the  obtained  images  in  order  to  coma  these  direnrtiem.  increasing  the  accuracy  of  the  tochmqoc.  Once 
imagrs  are  obtained  and  drstordona  Corrected,  particle*  are  located  w  each  of  the  three  images  using  a  20 
Gaussian  fit  algorithm.  Thu  algorithm  provides  partial#  locations  to  sub-pixd  accuracy.  Additionally,  the 
algorithm  serves  a*  a  filler  since  non -Gaussian  intensity  distributions  arc  not  likely  to  be  valid  particle 

Particle  images  are  converted  into  triplet  images  though  the  uac  of  another  algorithm.  Thu  algorithm 
uses  knowledge  of  the  aperture  arrangement  a  order  to  determine  likely  directions  along  which  to  search 
for  panicle  matches.  Threshold  criteria  are  set  which  limit*  the  allowable  amount  of  spatial  separation  of 
the  partick  image  m  each  of  the  three  imagua.  If  dm  threshold!  are  exceeded,  the  2D  particle  is  discarded. 
The  thresholds  are  usually  act  vary  attmgcuCiy.  to  avmd  misatmhfiratinn  of  3D  particle  powuona  <ryp*cally 
known  at  ghost-  particles).  Typically,  the  method  is  able  to  translate  approximately  60%  of  all  pwticlc 
images  into  triplet  matches.  The  tn-plsnc  coordinate*  (U  parallel  to  the  camera  lace)  are  identified  by  the 
triplet »  center,  with  the  out-of-plane  coordinate  6«-  parallel  to  the  camera  optical  axis)  identified  by  the 
height  of  the  triplet. 

Once  aQ  3D  partwb  locations  are  identified,  a  particle  tracking  algorithm  iHfiflii  the  particle  motion 
between  two  successive  frames,  generating  a  3D  velocity  field.  Tracking  it  accomplished  via  a  relaxation 
method,  which  i*  described  in  detail  in  Pereira  «  al  (2006\  This  differ!  from  the  typ*al  approach  employed 
in  DtTV,  which  sacs  a  cross-correUtwo  method  to  identify  the  average  moticn  of  groups  of  particles.  Here, 
the  actual  particles  arc  tracked  through  space,  for  although  the  particle  image  density  is  in  the  range  of  PTV 
methods,  the  particle  density  b  physical  space  u  much  lower  With  the  identification  of  the  velocity  of  each 


particle,  dau  validation  u  performed  to  remove  outliara.  Since  the  velocity  vectors  are  baaed  on  the  actual 
particle  locations,  they  are  randomly  distributed  throughout  the  meaauresncm  volume.  Prelection  ef  these 
vectors  onto  a  regular  gnd  throngh  interpolation  allow*  the  rranpumiM  of  flow  qiwrejtiei.  such  as  utterly, 
that  are  userid  for  undenCandmg  the  evofejboa  of  the  fiow  over  time 

The  specific  system  used  in  this  study  *  capable  of  reaofang  a  cubic  measurement  volume  of  roughly 
120  mm1.  Image  pain  can  be  captured  at  frequencies  up  to  7  K*. 


7AJ  Force  mramrtiBMU 

Aerodynamic  forest  on  the  wing  are  manured  using  a  commercially  available  aix-cxia  force  balance  The 
balance  is  aanu&amd  by  ATI  Industrial  Automation,  located  in  Apex.  North  Carolina.  The  specific 
modd  in  are  in  dus  toady  is  the  Xsno-43.  a  silicon  strain-gagr  bared  sensor  The  reoaor  mcaaurea  <3  mm 
in  diameter  and  is  1 1-53  cm  thick.  The  sensor  m  delivered  with  an  interface  boa  that  provides  power  to  the 
transducer  as  well  a*  signal  conditioning  to  allow  the  sensor  to  be  used  with  the  6f-pin  connector  common 
to  mroy  data  acqwunno  system*,  toduding  the  ooc  described  above. 

The  Nano-43  comes  m  several  specific  configuration*  The  one  choree  for  this  experiment  vra*  the  Sb 
18-0  25  Thu  configuration  provides  (ha  ability  to  measure  forces  up  to  N  and  torque*  up  to  2.250  N- 

A  calibration  was  provided  by  the  manufacturer  at  the  tunc  of  purehrea.  This  calibration  was  spot 
cheeked  m  the  lab  and  found  to  be  in  relatively  good  agreement.  The  manufacturer'!  calibration  »  done 
with  a  precision  jig.  ensuring  accurate  loading  of  the  sensor.  The  calibration  u  a  6  x  6  matrix  (shown  hi 
Equation  7.5.4),  transforming  voltages  (C.)  into  forces  and  torques,  as  in  Equation  755  The  force  senior 

with  the  chord  line  of  the  model  wing.  *»  ith  a  positive  tense  directed  towards  the  loadiiy  edgr.  The  t  axis  a 
aligned  with  the  vertical,  with  the  positive  sense  pointing  down  toward*  the  floor  of  (be  tunnel  They  axis  is 
aligned  with  the  span  of  the  model  wing,  with  positive  setae  according  to  a  right -handed  coordinate  system 
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Data  acquisition  Signals  fitxn  foe  form  so 
cards.  The  firm  card  is  a  National  Instruments  PCI-603  5E  card.  Thu  16-b.t  card  has  eight  differential  (16 
aiitglc-cnded)  analog  inpur  channels,  two  analog  output  channels,  eight  digital  input/output  channels,  and 
two  24  bit  rm— tririmarr  The  second  card  is  a  Maasuremem  Computing  PCI-DAS  1000,  f 


The  PCI -603 5E  it  connected  to  a  BNC-2090A  tctxmay,  which  provides  BNCand  qmng  terminal  ac¬ 
cess  to  foe  majority  of  the  card  input/output  channels.  The  main  feature  that  this  accessory  provides  la  the 


ltt 


1X2 


boo  card  while  keeping  the  ofoerftmcxkns  of  the  DAQ  card  accessible  Theorbo-fire 


xd  by  this 


Additional  input  voltage*  are  sampled  by  the  PCI-DAS  1000,  since  foe  analog  inpul  d 


National  Instrument!  Lab  View  8.6  is  foe  software  used  to  create  foe  interface  between  foe  user  and  foe 
elements  of  foe  experiment.  This  interface  is  known  as  a  "Virtual  Instrument,**  or  V).  The  Vi  allow*  foe  user 
to  proviik  configuration  settings  for  foe  acquisition,  a*  wall  a*  foe  configure  foe  tfnragc  and  processing  of 


For  (hi*  experiment,  foe  VI  was  programmed  to  record  foe  force*  experienced  by  the  model  The  user 
interface  is  shown  in  Figure  7.5.4  There  are  several  modes  programmed  into  foe  interface,  with  foe  inteot 
of  providing  synchronisation  of  force  date  with  DPTV  acquisition  Table  t  drew*  the  configuration  each  of 


PTV  ax  DAQMt  Puke  Width  Platte  KTPtV 
Trigg  Signal  for  WChre  Acq  Triqtcr 
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PtViWtt  Tan.  Sync  PIV/DAQ 

No  mvFrre  Coot.  Acq. 
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Table  X  Mod 


The  date  acquisition  hardware  and  software  is  hosted  on  a  custom  built  PC  The  proeemor  is  a  240  GHz 
Pentium  4  on  to  ASUS  P4PS00  motherboard.  Memory  is  provided  by  G- Skill,  with  2x1  GB  DDR2-400 
inetaOcd  The  operating  iptre  is  Wiodows  XPSP3. 

TA  Real-Time  Psrtlde  Image  Vdodmetry  (RTPIV) 

Particle  image  vdodmetry  (PIV)  has  beea  s  tesndard 
for  many  were  Tbs  technique  allows 
a  manner  that  can  directly  coo  tribute  to  a  physical 
sufficient  physical  insight  ban  beat  gained  about  * 
governing  mechanisms  to  achieve  a  droned  result 
study  might  have  a  significant  impact  on  foe  performance  of  « 

Typically,  a  flow  control  experiment  hope*  to  achieve  a 
amplification  or  aupprewuon  of  flow  instabilities.  This  a  accomplished  through  foe  me  of  one  or  more  actn- 
ataro  to  produce  a  disturbance  widtm  foe  flow;  If  foe  flow  u  sufficiently  receptive  to  foe  creased  foshsrbaacc. 
foe  dynamic*  of  the  system  can  he  modified  Mnmtonng  foe  crtoctrveneia  of  (he  actuation  through  sensor 
measurements  allow*  for  foe  possibility  of  doaed-loop  control 

Many  flow  oontrol  experiments  utilize  a  mall  number  of  season,  which  often  only  a 
somatic  ef  foe  flow  at  ducro 


control  objective.  The  actual  physical  dynamic*  of  foe  system,  as  well  as  foe  eflcctivcneva  of  foe  actuator  in 
dunging  those  dynamo*,  can  be  difficult  to  sreere  from  Ihu  limited  amount  ef  information  The  use  of  PTV 


Figure  ISA  Daa  acquisition  VI  front  panel. 
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fuU-field  senses  has  the  potest*]  to  y  wld  mwh  nchcr  knowledge  of  the  system  dynamics 
and  actuator  efleen votes*  to  the  presence  of  cocumi 

The  challenge  of  using  PIV  u  a  sensor  in  a  close]- loop  system  is  mainly  doe  to  the  time  delays  involved 
hi  acquiring  aod  proceiemgc  the  anage  data  Dcpcnda*  no  the  window  resolution  specified  by  (he  uret 
the  computations  involved  m  DPTV  may  need  to  be  done  feouamds  of  times  per  image  pair:  Long  delays 
between  the  measurement  and  the  actuation  events  will  lead  to  ineffective  control  strategics  because  the  flow 
win  likely  have  ovotved  such  that  the  computed  actuator  input  is  no  longer  appropriate.  As  the  processing 
•pood  of  computing  hardware  has  increased  over  the  years,  the  tune  required  lor  processing  of  each  image 
patf  hat  naturally  decreased,  msking  the  task  of  providing  the  vector  fields  as  'real-tuna  speak  more  and 
more  likely.  The  current  implementation  appears  to  have  accomplished  just  this  task  with  minimal  reliance 
on  customised  hardware,  which  has  been  the  case  in  the  past  (Siegel  ct  al  2003.  Yu  ct  at  2006). 


Real-Tune  DPfV  (RTPIV)  ha*  a  setup  identical  to  a  typical  DP1V  implementation,  with  a  dual-headed  piked 
laser  providing  tDuratnation  of  a  flow  seeded  with  small  particles  The  tlhamnatad  particle  field  ta  unaged 
twice  m  rapsd  mammon  wing  a  digital  camera  The  resulting  image  par  n  converted  uno  a  tarocoropouept 
velocity  field  through  software  fruccsung ,  which  uibaamplcs  each  image  tnto  small  regions  and  computes 
a  croM-oonulanoo  (or  the  corresponding  region*  m  each  unage  Peaks  m  the  correlation  plane  arc  fit  to 
sub-pixel  accuracy  The  crosv-comklion  results  m  a  displacement  field,  which  is  contorted  to  a  velocity 
field  baaed  oo  the  lens  magruf  cation  and  the  temporal  separation  between  the  laser  pilm 

Rea!  i  ration  of  “real-time”  performance,  m  the  current  work,  relic*  on  the  design  and  implementation  of  a 
custom  software  package  capable  of  quickly  processing  particle  mage  pain  as  they  are  streamed  mto  system 
memory  ftom  the  camera  Upon  arrrvml  *  memory,  the  mugs*  are  processed  using  erorfuHy  paratkUaed 
algamhms  to  compute  the  crpas-correlanoo*  Additionally,  far  use  as  a  feedback  sensor,  some  region  of 
interest  (KOI)  is  chosen  where  further  calculation*  are  performed  These  calculations  can  then  be  used  to 
make  control  decisions,  which  are  that  passed  oat  to  actuiuxi  through  a  digital  I/O  a 
change  fits  flown  a  deniable  wey  Figure  741  illustrates  lb*  overall  system  arehtteewre. 


742  Challenges 

fa  order  to  realise  "iml-duur  performance,  fa*  processing  of  an  image  par  must  occur  before  the  man 
image  pur  is  available  in  the  beet  PCs  memory  If  processing  a  not  finished  when  the  next  image  pair 
arnvea,  (hen  the  system  wifi  either  have  to  wart  until  the  processing  engine  is  fimsbed  or  the  image  pair  will 
have  to  be  discarded  to  both  cases,  this  has  implies  lions  for  uae  of  the  results  m  a  control  loop  fa  the  fin! 
Case,  the  latency  buildup  will  quickly  cause  the  results  to  lose  any  temporal  conrelatioo  with  what  is  actually 
happening  in  the  flow  Thus,  the  controller  wifi  be  making  decisions  too  fate  to  have  the  desired  impact  on 
the  flow  fa  the  sound  case,  the  lots  of  data  may  cause  the  ooatrollcr  dynamics  to  be  too  alow,  since  new 
control  doebsoos  can  only  be  made  when  new  data  is  available.  Out  possible  workaround  to  this  am  fa  to 
use  a  PC  with  multiple  processors,  spawning  a  new  PTV  processing  engine  when  the  previous  image  pair  m 
not  yet  processed.  This  approach  leads  to  slightly  longer  Latencies,  but  avoids  gaps  in  the  data.  In  the  current 
aonfigreatson.  das  approach  is  taken,  using  two  of  the  four  available  ooecs  on  the  host  machine 

The  pulsed  laser  firing  rate  is  famed  m  the  ciaret*  configuration  to  a  maximum  of  15  He.  The  camera, 
synchronized  with  the  laser  pulses,  captures  images  at  30  (mraet  per  second  (fp*X  each  image  pair  thus 
takes  a  total  of  66.7  ms  to  capture.  Each  unage  u  transferred  to  PC  memory  as  the  nest  image  fa  captured. 
Thus.  Ufa  total  transfer  time  far  an  image  paw  fa  also  66.7  nu.  The  total  time  between  the  beginning  of  the 


Figure  7.6.1:  Basic  RTPIV  architecture 


expoewe  of  the  first  image  of  the  pair  to  the  time  the  images  are  available  m  memory  is  K>0  me.  This  land 
of  latency  is  inherent  to  DPfV.  the  only  way  to  decrease  it  is  to  increase  the  frame  rate  of  the  camera  and 
provide  sufficient  bandwidth  for  mafic  transfer  A  fimdamental  tower  lima  wifi  always  exist  gjvw  the  need 
to  wail  for  two  images  to  be  exposed  and  transferred. 

742  Hardware 

Camera  The  camera  utfuxd  far  this  application,  a  UL2230SE.  was  manufactured  by  Imagmg  Devel¬ 
opment  Systems  (IDS  GmbH)  *u  chosen  for  ease  of  programming  rather  than  for  speed  or  bandwidth 
cooaidcmuocuL  The  camera  captures  a  1024  x  761  monochrome  imago  at  30  fp*  and  communicates  with  the 
PC  via  a  USB  2J>  conaacUon.  A  Hrobe  pulse  is  generated  at  a  tucr -specified  delav  after  fee  bcginnmg  of 
each  exposure  This  strobe  pulse  is  responsible  for  triggering  (he  laser  timing 

The  choice  of  camera  likely  has  the  greatest  impact  oo  overall  system  performance,  since  «  fa  limned 
Oft  both  frame  rale  and  transfer  spoed  Additionally,  unlike  many  specialty  DPIV  camera*,  it  dot*  not 
have  a  buditn  double -shutter  mode  The  choice  ofa  CCD  acmor  over  a  CMOS  sensor  was  made  because 
CMOS  based  systems  generally  do  not  poises*  a  global  shuttering  mode,  which  it  necessary  to  achieve  the 
asynchronous  frame  straddling  mode  that  allows  the  pulse  delay  to  be  shorter  than  the  frame  tale  of  the 


nhmilaetloa  The  same  ftran insoon  setup  fa  used  far  RTPIV  aa  fa  used  mi  fee  normal  DPIV  setup  tfa. 
ten  bed  in  Chapter  7.5.1. 

Tim  lag  The  timing  for  RTPIV  is  driven  by  the  strobe  signal  from  the  camera  Thu  signal  is  divided  by 
2  to  provide  the  base  frequency  at  which  the  Uren  arc  triggered  Later  timing  is  accomplished  through 
appropriate  settings  oo  fee  tuning  software  described  in  more  detail  in  Chapter  741.  Using  fee  “Modi 
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select”  option  aod  setting  the  mode  to  “RTPIV”  is  the  most  straightforward  way  to  accomplish  the  correct 


Seeding  The  same  seeding  m  Used  for  normal  DPIV  measurements  u  used  for  RTPIV  See  Chapter  74 1 
far  mere  dmfia. 

Digital  I/O  lawractioo  wife  fee  actuator*  in  fee  experiment  is  provided  through  a  USB  digital  I/O  module, 
the  USB-I20SFS.  manufactured  by  Measurement  Computing.  The  state  of  the  digital  W)  line  can  be  set  by 
fee  software,  which  uftunatsfv  open*  or  closes  the  solenoid  valve  m  the  (Vow  control  loop 

Hart  tsapsttr  The  PC  on  which  the  RTPIV  software  is  executed  it  a  custom  built  PC,  The  processor  fa  an 
Intel  Corel  Quad  QMOO  2  66GHz  Quad  Core  Processor,  uncalled  on  an  ASUS  P$Q  motherboard  Memory 
fa  pnmdsd  by  G-Siifl.  wife  2*  ICB  DDR2-KO0  intailed  The  operating  system  a  Windows  XPSP3 

744  Software  (QRTPTV) 

The  software  implementation  w  programmed  m  C  *♦.  wife  fee  Qt  library  providing  graphical  user  interface 
(OUT)  support.  The  application  interface  consists  of  five  tabs  that  control  each  aspect  of  the  techmque.  fa 
addition  to  the  main  application  window,  there  are  also  three  other  windows  that  can  be  launched  to  display 
specific  infbrmatwn. 

t  tram  setup  The  ‘Camera  setup  tab  (Figure  76.2)  allows  (ha  user  to  specify  the  camera  configuration 
file,  which  fa  generated  using  the  camera  software  provided  by  die  manufactures  ft  allows  fee  strobe  output 
to  batoggiad  and  configured.  Specifically,  fee  pulse  delay  setting  u  crucial  so  dial  each  onage  » tlltXTVKUted 
at  fee  correct  tunc.  Alao  oo  tha  tab  fa  a  log  window,  which  displays  warn  meurages  to  fee  users  at  the 
application  runs 


Figure  7.64  QRTPfV:  Camera  scrap  tab. 


Cenveroeo  Sets  then 


Image  pair  The  Image  pair”  tab  (Figure  7.63)  show*  fee  unage  pair  feat  results  from  pushing  fee  "Grab 

hnsge  Pair*  button  on  the  toolbar.  Tlui  allows  for  qmck  examrfiatxui  of  the  an  image  pair  to  make  sure  hght 

faimaity  and  particle  densities  are  aufftetent 

PTV  setup  The  TfV  eatap*  tab  (Figure  76  4)  provides  aH  of  fee  configuration  setting*  for  the  PIV  method. 

PTV  sampling  Determines  how  the  subdivision  of  the  image  pairs  into  window  occurs. 

Pratt  lilag  Image  down -sampling  and  restricted  calculation  aun  to  thunen  proccmtng  times.  Muht-gnd 
procestmg  fa  more compuutionany  intensive  than  a  single  pros  interrogation  offer  image  pair,  but 
can  incrcme  data  yield  and  dynamic  spatial  range  of  the  ntcrourcmtnc 

Peak  detection  Louts  the  scorch  area  for  the  conelaum  peak  m  fee  corrciatioo  plane,  helping  to  prevent 
■Jtorioua  peaks  from  being  identified  at  region*  where  the  signal  to  noise  ratio  is  loss. 

Validation  Frondes  several  teas  m  order  to  identify  those  ngmaa  where  the  dupbeument  value  found  fa 
Ukcfy^urfow.  If  the  "Interpolate  outliers”  checkbox  fa  scioctod.  then  fhr  discarded  vector  is  replaced 
by  interpolation  of  fee  eight  nearest  netghbonag  vtoorv 


Ps*a -processing  The  *Po«t-prooe**ng"  tab  (Figure  7.6  5)  prcrvxkt  all  of  fee  oanftguratioo  setongs  far 
pom-processag  actions  that  ere  applied  to  fee  patented  vector  field. 


Calculate  statistics  Thu  ares  configures  (he  calculation  of  statistics  on  and  in  (he  contour  that  defines  the 
region  of  interest.  Coer  our*  can  be  loaded  m  fee  "Fik-  menu,  providing  may  switching  between 
report*  of  intetta*  Horarofal  and  vertical  velocity  statistics  (average  and  RMS)  arc  computed  inside 
die  contour.  Circulanoa  can  be  computed  on  fee  contour  and  vwticity  is  computed  inwdc  fee  contour 
g  finite  differencing  to  compute  derivative*.  If  no  contour  u  selected,  tha  stattsbes  are  computed 


Logging  Enables  ompm  of  experimental  data  to  a  user-readable  text  file, 
Piet -Sets  fee  update  frequency  of  the  tine  plotter. 

Cachrated  Data  Displays  fee  calculated  statistics  m  the  region  of  interest. 


Log  ■*  format  The  roftwure  has  the  ability  to  generate  •  log  fik  to  allow  fee  umr  to  analyse  fee  mparv- 
wm*  omate  Currently  fee  logfik  is  written  in  tncrvuadabk  text  wife  fee  following  column* 

Pair  Number  (1)  Reset*  ta  0  every  time  the  “Crab  PJV  image*”  button  fa  pressed. 
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QHVItagmwriVFagkn*  MV  pnxtHim  engine  Thu  object  provides  method*  rexpotuubta  for  the  pro- 
cosmg  of  particle  unego  and  genersimg  rector  routu  MVEngma  m  a  generic  process**  ctaet. 
from  which  QPIVEnginc  u  derived  QPIVEnginc  elm  inherit*  from  QThrcad,  which  provide*  the 
ability  for  each  engine  to  taitr  advantage  of  threading 

QPMEagtae  Plotting  cagme;  suh-da&sed  from  the  0*  MbunWataow  daw.  Thu  object  provide*  method* 
allowing  the  generation  of  vector  field  plou  to  foe  tfrsptay. 

QXYPtotlMg  Line  plotting  engine,  vub-claaaod  from  the  Qt  MainWiodow  cW  Thu  object  a  reapunaibl* 
for  generation  and  display  of  the  lime  trace  line  plotting 

Ql  EycAcqutafttoa/QAcqehittoeEagtoe  Image  aeqatsmoe  angfor  QAcqatstbonEagtoe  u  a  fcacnc  da** 
which  provide*  beatc  support  for  any  camera  device.  QUEycAequitattoo  a  a  tub-da**  of  QAcqueu* 
tsodEngme.  providing  specific  mmrface*  for  the  IDS  UEys  camera  currently  awptayrel  ta  the  HTWV 
rymm. 


OOigfO  Digital  lopot/ourpm  engine  Pn 
ifo  unit  described  m  Section  7  6  3. 


the  digital 


prVAaafystaStrp  Container  dam  for  ftailnating  muftigiid  processing 

When  the  program  t*  fine  opawd.  (he  first  task  is  to  mmelur  the  camera.  The  urer  aeiect*  Xaitlaliaa 
caaera  from  the  Camera  aeatt,  which  u  oonnected  to  the  sends  a  signal  from  the  mam  application  to  the 
QOIywlcqaiaitian  engine  to  call  the  iattlal  leaCsoerv  )a  thta  mituluation  routine,  the  laJEasblafteatag* 

MS  W 


fraaction  from  the  UEyt  APT  1*  called,  which  allows 
system,  la  the  main  application.  This  allow*  the  eaa 


When  the  wer  toggles  (he  Crab  Urs  m  images 
function  in  QUtyeAcqalamoa  (after  ac 
(be  laXaptmr  eVideo  function  from  the  UEyt  APL  At  die  a 
tag  tht  availability  of  tsew  frames  are  intercepted  by  the  a 

a  of  proceaaPraae  in  the  QUEyeAcquialtion  c 


to  be  ant,  via  the  operating 
ta 

on  the  toolbar,  the  atartGrabbiag 
via 

ages  regard- 

n  uaing  vlaSveat  Them  e 
s.  which  begin*  the  proccv  of 

The  proem*  begin*  noth  (he  transmission  of  the  memory  location  of  the  image  pur  from  the  QUEyaAcqulaltiea 
engme  to  the  mam  application.  Obsa  (he  engine  ta  eonftgnrod  correctly ,  including  tending  the  oautga  data  to 
the  engme.  the  engines  thread  is  owed  the  QPIYEaglae;  satnrt  command  to  mitiace  the  processing  In 
die  current  implementation.  two  engine*  are  available.  If  one  engine  ta  naming  when  the  next  pair  is  ready, 
tht  second  aagme  ia  started  and  nma  aa  a  dubner  thread,  following  caaedy  the  tame  chant  of  execution. 

The  start  command  ta  the  QPZVtagiaa  send*  a  signal  to  the  engine  to  run  starting  (he  thread. 

x  ta  the  function  ta  the  engine  responsible  fbr  die  overall  processing  of  the  image  pair, 
sr  setting  fat  mulli-gnd  processing,  the  PXVEngine  cither  calk  procasaXmagaPatrftultiGrtd 
or  pmcmaalmagnPaixSlaflePaaa  la  either  cac.  the**  function*  are  responsible  fbr  executing  the  croc* 
correlauen  and  peak  finding  routine*  that  are  (he  heart  of  the  PTV  method 

The  forward  FFTs  art  executed  in  parallel.  as  is  the  mohipi  canon  of  the  FFTv  using  the  cpcn-MP 
pandkfizauon  APL  If  the  multi -grid  method  is  chosen,  the  image  «*  down-sampled  by  two  for  each  levta  of 
gnd  tnrokdMn  qxci/iod.  The  f  iwl  resohasom  is  that  specified  by  the  uocr  m  the  “PIV  Setup"  tab  (Sectha 
7643  Each  ooane  levta  ta  wed  to  dctanama  an  appwpruto  window  offset  for  the  next  finest  level  to 
mextmoe  data  yield  and  lower  the  overall  signal-tortoise  ratio  of  the  measurement.  The  final  vector  result 
ia  then  validated  gang  (ha  tests  specified  by  the  met  are!  cumvticd  to  a  vtaoerty  through  the  magndkalion 
and  laser  pulse  separation  value*.  Once  the  entire  field  u  returned,  vnrueitv  and  flow  statisucs  (average  and 


n  application  that  the  thread  u  complete. 


f  ialabad  signal  taforming  the  n 
Thaa 

p|o(  ii 

new  MV  aagme  is  spawned  to  begin  processing  dus  next  pair 

Thta  whole  proeau  repeats  until  the  user  toggles  the  "Crab  PIV  . 


7.7  Baseiiae  Flow 

ta  order  to  Study  die  bass  fine  ft 
described  in  Section  7.4.  This  model  allows  (he  laser  ilhnnination  to  rhino  through  the  model,  providing  the 


«  at  two  different  Reynold*  numbers.  Re  «  920  and  Re  w  1 100.  The  angle 
at  attach  was  varied  from  JO*  w  4 5  Threc-doncnsronaJ  data  acts  are  hfficuh  so  dtsptav  fully  ■  a  tvro- 
dummsiaoal  fruhioa.  so  only  a  aotecnon  of  the  results  are  duptayed  here.  The  DDPIV  mcaaurci  meat  volume 


>  a  100  mm  cube  and  placed  such  that  the  flow  eould  be  visualised  from  a  theta  frtaan 
ahead  of  the  leading  edge  (roughly  02r)  to  a  short  distance  from  (be  trailing  edge  (roughly  0.2c). 

TW  fir*  »ta  of  image*  iho*  the  development  of-rortiuly  over  foe  *tng  as  foe  angle  of  attack  tsosereasad. 
Vortidty  values  are  computed  Ire  first  projeetirg  the  randomly  spaced  vector  field  generated  by  (he  DOP1V 

The  vortretty  is  then  plotied  using  tso-swfaces,  showmg  an  looaucro  in  foe  flow  that  have  foe  same  vmtieity 
value.  Them  plob  are  the  result  of  averaging  50  tm^c-pair  realisations. 

Figte*  7-7.1  shows  die  romerry  iao-aur&oes  for  10  oigle  of  snack  for  both  Reynold*  numbers  Aa 
n  u  strongest  near  the  surface  of  the  wing,  with  the  iso- surface*  becoming 


a  «  nx  * 

at  10*  angle  of  attack 


and  there  appears 
the  coma''  of  the  flow 


At  30*  angle  of  attack  (figure  7.77V  the  sue  of  the  high  vonteky  regum 
to  be  (he  bcgtmng*  of  some  kata  of  more  complex  average  ttructure  occuma 
The  measurement  volume  would  need  to  be  moved  further  downstream  ta  order  to 

At  45*  angle  of  attack  (Figure  7.77V  the  voroeity  "sheets"  lift  further  off  the  surface  of  the  snog.  with 
the  majority  ef  the  rerttcits  paareatad  at  the  ttp  The  flow  is  folly  wpmated  from  the  aofotl  and  the  stra^fo 
of  the  vurcidty  increases.  At  the  higher  Reynolds  number.  K  appears  (hat  a  more  ceatiplca  structure  ta 

takes  through  (he  threc-dimcrmonal  dataset.  Tina  was  done 
n  colored  by  velocity  magnitude  (in  mmfr). 


It  a  also  possible  to  take  two-d 
for  (ha  three  angle*  of  attack  presented  above. 


Figure  7.1  A:  OkjuJwvmt  velocity  stke  at  10'  angle  of  ana*  tip  aumon. 


For  30*  angle  of  attack.  Figure*  7.7.10,  7.7.1 1,  and  7.7.12  *o»  rWwvm  atom  through  dm  4wxt 
a  three  dtHbeoi  <p«*w prmnom,  namely  dm  bp.  &  U,  and  0  2*  Compnred  to  the  1<T  care,  0*  flow 
m  definitely  separated  6om  the  wwg.  which  Is  to  be  expected.  The  reparation  repao  begim  at  the  leading 


a  and  slrghdy  behind  the  ten**  edge  fer  (he  higher.  The  xpanocc 


edge  lor  the  low  Reywoh 
xooc  extends  ail  the  way  to  the  wwgtipe  by  mid-chord.  IntcrNlurgly,  in  the  towts  Reynolds  number  c 

Reynolds  number  flow.  The  velocity  acaltng  an  chosen  m  tutwyood  wd>  the  maximum  velocity  m  tb» 
higher  Reynold*  number  ease  Figure*  7.7J3.7.714,  end  7.7 J3  show  ^anwtic  *hc»  (bough  the  dataset 
a  dtare  dUhrere  chadwue  poamoos  namely  (he  leadaag  edge,  05c  and  a7eu  The  regwn  of  acodeMioa 
look*  to  extend  out  pa*  the  tap*  (Figure  7.7.14)  to  about  a  1 5*  by  mid-chord  and  even  moving  below  the 


wing  by  0.7c- 

For  45  angle  of  attack.  Figure*  7.7.16, 7.74  7.  nod  7.741  thaw  chord*  oe  dice*  through  (he  da  tarot 
U  throe  different  spanwtM  paaibona,  namely  (he  tip,  0  16,  and  026.  At  this  pomt  dm  flow  la  Btaunndy 
arparwod,  with  both  Reynold*  aarmher  erne*  showing  very  similar  fcanmN.  in  tact,  then  appear*  to  be 
only  very  slight  difference*  between  dm two  dau  sett.  Utf  possible  that  a  tbs  large  angle  of  attack,  the 


Figm  7.7JL  Cheedwitc  velocity  slice  at  10  angle  of  attack  -  <L2A 
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r«wc  7.7.13:  Spanwtt*  v*ioc*y  like  «  XT  M«k  of  Xi»dk  .  lodi*  «fee. 
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fteastwam  Op*  beyond  dht  measurement  volume  is  influenced  tn  such  •  wav  as  to  create  local  oonshtiOM 
(hat  am  my  similar.  The  vortiory  i*o -surfaces  shown  «  Ftgmo  7.7.3  arr  certainly  ilifTcrc*.  so  (be  two 
Bows  are  not  kfettfxal  Figures  7.7  19. 7.720,  and  7  7  21  show  tpnwtac  tikes  through  (he  dates**  at  three 
different  chordwiic  positions.  namely  the  lading  edge.  0.5c  and  0  7c,  la  these  pfexi.  some  larger  diffcrencca 
can  be  noticed.  aaoidy  that  the  UipM  rqpoa  on  the  suchoo  surface  at  the  leading  cd|*  is  much  larger 
tor  tie  higher  Reynolds  number  case  As  the  flow  evolves  aka*  the  wn*  chord,  bowvm.  the  separate*! 
biAblm  have  *ay  smutw  shape  and  extent  It  ts  possible  that  as  Reynolds  number  •creases,  the  flow  may 
be  leaching  some  kind  of  saturation  land  where  the  additional  energy  in  the  frccawarn  feeds  an  instability 
proeem,  which  naght  be  the  iraaon  for  the  mote  confiscated  structures  m  the  vorticity  field  shown  in  Figure 
7.7.1  Two  Reynolds  number  cases  isn't  enough  to  answer  the  question  exhaustively,  bowewc,  so  more 
shady  would  base  to  be  done  when  the  DDP1V  system  is  again  available 

7.7 2  Dm  Measurements 

DPIV  was  perfortnod  or  the  mid-chord  actuator  model  to  charactert/e  the  baadino  flow  characteristics  at 
the  oud-apan  of  the  wing.  The  angle  of  attack  was  variod  from  O'  lo  IT  in  2J*  increments  and  from  1J*  to 
4S  in  S'  tactcmcoftL  An  exhaustive  display  of  all  of  the  PIV  date  it  not  going  to  be  attempted  her*.  Instead. 


A  sequence  of  200  DPIV  image  pain  were  obtained  for  each  angle  of  attack  at  two  different  flow  speeds 
Each  image  pair  was  processed  using  tbc  PSVvicw  software  package.  The  shadow  cast  by  the  wing  was 

1  of  size  32  x  32.  with  50H  overlap.  Once  the  vector  field  was 


im&A  ffRj, 

Figure  7.7.17  Chordwtae  velocity  slice  at  43*  angle  of  attack  •  0.16  station. 
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Figure  7.7  19;  Spanwtac  velocity  slice  at  4$*  angle  of  attack  -  leading  edge. 


Figure  7.7.21;  Spanwisc  velocity  slice  at  45"  angle  of  attack  •  0.7c 
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n  neighbors.  The  proccuwg  wm  executed  in  •  batch  mode;  which  grvw  a  a 
•voa«s  of  foe  200  vector  (kids  in  adfotmo  to  (he  individual  ftclda 

The  vortex  shedding  boo  the  win*  k  otovtowly  ao  unsteady  event,  no  the  computation  or  the  average 
field  i«  of  limited  um.  One  way  it »  potentially  useful  is  for  the  identification  or  region*  of  the  flow  whan  a 
L  For  instance ,  the  vorttcitv  ihad  from  the  kadmg  edge  is  of  ntoex,  and 


*  DTTV  field  for  4F .  Rc  %  »00 


If  dw  data  at  is  "probed**  nan  the  earner  of  this  region  of  high  avenge  vorucuy  for  each  of  die  200 
vector  Aakis  (approumaicl?  at  (160,  160)  in  Figure  7.7.22),  a  lime  trace  of  the  vortidty  at  that  point  can 
be  obtained.  Hue  time  trace  m  dbowti  in  Figure  7,?13l 

With  the  tune  trace,  the  singlc-eidcd  spectrum  ia  easily  obtained  by  computing  id  FFT.  Before  computing 
the  FFT.  the  mat  was  extracted  from  the  wgnai.  woe  A  ia  hope  compared  with  foe  ftuctuaaom.  Has 
epectnaa  is  shoera  m  Figuea  7.714.  Thai  spectral  cortex*  provide*  wight  into  poaubte  frequencies  where 
foe  flow  may  be  racaptiva  to  actuation. 


Figure  7.713:  Vbrtkity  tmw  tree*  for  45  .  Rc  w  X00 


7.7  J  Forte  Mmsurvmruts 

Forca  woe  measured  on  foe  wmg  uamg  foe  su-*us  fore*  belsoce  described  ai  Chapter  71 J.  Lift  and  drag 
an  computed  bv  Equations  7.7  I  and  7.72.  rcepcatinlv  Fores  ©odfksenti  ate  computed  as  in  Equation 

7.U. 

f77.it 

D  —  F,  sioia)  ■  -  F,  cot(a)  (7.71) 

Lift  venal*  with  angle  of  attack  b  shown  in  Figure  7.7.25.  Drag  variation  with  angle  at  attack  is  in 
7.7.2.  The  MA  carve  shows  a  vary  diflbrem  picture  foam  normal  wing*  at  higher  Reynolds  number.  Here, 
foe  lift  increases  fairly  steadily  to  relatively  high  angles  oT snack  and  shows  no  sharp  soil  event.  The  drag 
shears  a  steady  increaer  an  angle  of  stuck  increases,  which  is  obviously  expected,  ft  is  important  ta  nett 
foal  these  measurements  are  influenced  bv  foe  presence  of  foe  etmg.  A  reasonable  method  of  subtracting  out 
foe  sting's  influence  is  still  under  consideration. 
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